Notes on Stochastic Control

Haosheng Zhou

Dec, 2022



Contents

Hamilton-Jacobi Equation (HJE) . . . . . . . .. . e 3
Connection with Hamilton’s Equations . . . . . . . . . . . . ... 3
A Problem in the Calculus of Variation . . . . . . . ... . .. . L 5
Legendre Transform & Frenchel Conjugate . . . . . . . . . . . . .. 10
Hopf-Lax Formula . . . . . . .. .. 12
Hopf-Lax Formula as Solution to HJE . . . . . . . . . ... . . 15
Optimal Control Problem and Hamilton-Jacobi-Bellman Equation . . . . ... ... ... ... ....... 20
Problem Formulation . . . . . . . . . oL e 20
Value Function . . . . . . . . . e e 21
Hamilton-Jacobi-Bellman Equation (HIBE) . . . . . . . ... .. . .. . . 25
Infinite-Horizon Problem . . . . . . . . . . . . L 27
Stochastic Control Problem, PDE Approach . . . . . . . . .. . . . 31
Problem Setting . . . . . . . e 31
Example: Separable Control Problem . . . . . . . . . . .. ... ... 34
Example: Separable Control Problem . . . . . . . . . ... . 36
Value Function, HJBE and the PDE Approach . . . . ... .. ... .. ... ... ... ....... 40
Example: Regularity Issues of Value Function . . . . . . . . .. .. ... .. ... ... ... 40
Example: Value Function as Convex Envelope . . . . . . . . ... . o 41
Dynamic Programming Principle (DPP) . . . . . . . .. ... o 44
HJBE of Stochastic Control Problem . . . . . . . . .. ... . 46
Verification Theorem . . . . . . . . . . . L e e e 48
Stochastic Control Problem: PDE Approach . . . . . . . . . . ... . . 51
Infinite Horizon Case . . . . . . . . . . o L 0 e 52
Example: Merton Problem with Consumption . . . . . . . . . ... ... ... . 55
Verification of Merton Problem with Consumption . . . . . ... ... .. ... ... ... ... 57
Example: Production-Consumption Model . . . . . . . ... ... L 59
Verification of Production-Consumption Model . . . . . . . .. .. .. 0oL 62
Backward Stochastic Differential Equation (BSDE) . . . . . . . . ... . o 64
Existence and Uniqueness of Strong Solution . . . . . . . . . . . ... ... ... 64



Stochastic Control notes written by Haosheng Zhou CONTENTS

Settings of BSDE . . . . . . . . e 68
Existence and Uniqueness of the Solution to BSDE . . . . . . . ... ... ... ... ... ... 70
Example: Trivial Driver . . . . . . . . . o 72
Example: Linear BSDE . . . . . . . . . . 72
Comparison Principles . . . . . . . . L e 74
Example . . . . . o 75
Stochastic Control Problem, BSDE Approach . . . . . . . . . . . . . 76
BSDE and Value Function . . . . . . . . . . . . e 76
Pontryagin Maximum Principle . . . . . . .. oo 80
Stochastic Control Problem: BSDE Approach . . . . . . . . .. .. .. ... ... ... 83
Example: Exponential Utility Maximization with Option Payoff . . . . . . .. ... ... ... ... .. 84
Example: Mean-Variance Criterion for Portfolio Selection . . . . . . . . . ... ... ... ....... 89
Stochastic Differential Game: Mean Field Games and Systemic Risk . . . . .. ... ... ... ... .... 93
Problem Setting . . . . . . . L e 93
Markovian Case: PDE Approach . . . . . . . . . . . . e 95
Markovian Case: BSDE Approach . . . . . . . . . . . . . e 99
Open-loop Case: BSDE Approach . . . . . . . . . . e 102



Stochastic Control notes written by Haosheng Zhou CONTENTS

The following contents about HJE & HJBE refers to the Evans book.

Hamilton-Jacobi Equation (HJE)

The Hamilton-Jacobi equation is a non-linear first-order PDE with the form

us+ H(Du) =0 in R x (0,00)
u=g on R x {t =0}

(1)

where u = u(z,t) : R™ x [0,00) — R is the function to solve out and Du = (uy,, ..., Uy, ) is the gradient of u w.r.t.

space variable . Here the Hamiltonian H : R™ — R is given and the initial condition g : R" — R is given.

Connection with Hamilton’s Equations

Let’s first apply the method of characteristics to get some intuition by noticing that this equation is a first-order
equation. We know that the method of characteristics does not necessarily hold in general (since it requires the

existence of C? solution), but this may tell us how to proceed. In this section, we assume that HJE looks like

ur + H(Du,z) =0 in R™ x (0,00)
u=yg on R" x {t =0}
where the Hamiltonian also depends on z.

Notice that here we merge the time variable ¢ with the space variable x and denote it as x € R*+!,

1

where 2!, ...,2" are components of z and z""! denotes the time. Define

z(s) = u(x(s)) (3)
as the version of u along the characteristic curve and
p(s) = Du(z(s)) € R (4)

as the version of Du along the characteristic curve, note that here p!, ..., p” are partial derivatives w.r.t. z-components

and p,4+1 is the partial derivative w.r.t. t. One would always set the characteristic direction to be
z'(s) = D, F (5)
where the original PDE can be written as F'(Du,u,x) = 0 and in this case

F(p?z’y) :anr]‘+H(p17“.7pn7x1,“.,xn) (6)
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As a result, one get the ODE system from the method of characteristics

(@4 (5)]' = Hyy (s o p, oy 2) (i = 1,2, 1)

(7)

so one can identify 2"T1(s) as s, meaning that the parameter s is the same as the time variable t = z"*!. The

equation for z(s) is 2/(s) = D, F - p(s), so

Z(s) =Y Hy, (p',...p™ at,a™) - pl(s) + p"T(s) (8)
=1
:ZHPz(plv ’pn7$17 7xn) pl(s)iH(p ﬂ"';pnazla ’xn) (9)
=1

The equation for p(s) is p(s) = =D, F — D, F - p(s), so
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(10)

with the last equation [p"*!(s)]’ = 0 as the redundant one since 2" "1 has already been parameterized as s.

By cancelling all redundant equations and reorganizing the variables, we get the characteristic ODE system
for HJE

'(s) = DpH (p(s), x(s))
'(s) = DpH(p(s), x(s)) - p(s) — H(p(s), z(s)) (11)
P'(s) = =Dz H(p(s), z(s))

where p(s) = (p'(s),...,p"(s)) and z(s) = (2'(s),...,2™(s)) (the last component in x(s),p(s) is ignored). The

Hamilton’s equation is defined as the system consisting of the first and third equation, i.e.

a'(s) = DpH (p(s), 2(s))

(12)
p/(S) = 7D1H(p(5)7 I(S»

Remark. The reason that we only take the equations w.r.t x(s) and p(s) in the Hamilton’s equations is that those
two equations have nothing to do with z, they already have 2n unknowns and 2n equations. In other words, the
equation w.r.t. z(s) does not provide any effective information for the derivation of x(s),p(s), and after solving out

x(s),p(s), one can immediately know z(s).
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A Problem in the Calculus of Variation

The connection between HJE and Hamilton’s equations can also be shown in another perspective by considering
a problem in the calculus of variation. The problem is formed as finding a best curve in an admissible class. The

admissible class is defined as
o ={weC®w:0,t] = R": w(0)=y,wl) =z} (13)

so any admissible curve is a C? path in R™ such that it starts from point y and ends at point = with =,y € R™,¢t >0
given. Imagine w(s) € & as the moving trajectory of a particle, then w’(s) is actually the speed of the particle at

each time. The action functional is then defined as
t

Iw] = / L(w'(s), w(s)) ds (14)
0

where L : R” x R™ — R is a given smooth function called Lagrangian and we hope to find a curve z(s) € & such
that the action functional is minimized

I[z] = w(isr)lgd Iw] (15)

Remark. The Lagrangian has the meaning as the kinetic energy minus the potential energy in physics which has the
meaning of "increments of distance”. Here among all possible and smooth enough curves between two fixed points,
we want to find x(s) such that it minimizes the integral of the Lagrangian along the path, equivalent to saying that
the optimal path is the one that takes the ”shortest” path. If one still finds it hard to understand, think about how
light travels, it always travels in the path such that the distance it goes through is the shortest, a natural minimization

of a "trivial” action functional.

Let’s assume that the Lagrangian is given by L = L(v,z) (v, z € R™) for the convenience of notations and that
the inf of I[w] can be achieved by some z(s) € & as the optimal path. To build up a PDE for z(s), choose
smooth y : [0,¢] — R™ with y(s) = (y*(s),...,y™(s)) such that y(0) = y(t) = 0 and consider perturbing the optimal
path z(s) by a small multiple of y(s) to get

w(s) = x(s) + 7y(s) (1 € R) (16)
since w(s) € <7, one immediately sees that
Iw] > I[z] (17)
Consider the action functional of the perturbed path

i:R—R,i(r) =I[x+ 7Y (18)
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it’s easy to see that it has minimum at 7 = 0 (assume it’s differentiable) with
i'(1) = % A L(2'(s) + 1y (s),z(s) + Ty(s)) ds (19)
= /0 y'(s) - Lo(@'(s) + 1y'(s), 2(s) + 7y(s)) + y(s) - La(2'(s) + 1y'(s), 2(s) + Ty(s)) ds (20)
i'(0) = /0 Y'(s) - Lo(2'(s), 2(s)) + y(s) - Lu(2'(s), 2(s)) ds (21)
:/0 D (W] - Lo (@ (), 2(9) + ' (s) - La, (2 (s), 2(s))) ds (22)
-0 (23)
Do transformations to this integral to find
Z/O (W' ()] Lo, (@'(5), 2(s)) + y' () - La, (2'(5), 2(s))) ds (24)
=3 [ BN o) + [ L6 0) 4 s (25)
= ; —/0 y'(s) dLy, (2'(s), 2(s)) +/0 Ly, (2'(s),2(s)) - y'(s) ds (26)
- ! d !/ / (3 s S
=3 [ | e 60206 + B (9,216 0 (27)
=0 (28)
which is valid for any smooth y such that y(0) = y(¢) = 0. By density argument,
Vi=1,2,..,n,Vs € [0,t], —%Lvi (2'(s),z(s)) + Ly, (2'(s),z(s)) = 0 (29)

Theorem 1. (Euler-Lagrange Equation) If path x(s) is the optimal path and solves the variational problem

mentioned above, then it must satisfy Euler-Lagrange equation that

Vs € [0,1], —%DUL(x'(S),a:(s)) + D L(2'(s),x(s)) =0

(30)

Remark. The Euler-Lagrange equation consists of n second-order ODEs. Note that when x(s) is the solution to

the Euler-Lagrange equation, it does not necessarily achieve the inf of the action functional in the variational problem

so the converse of this theorem is not true.
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In order to link Euler-Lagrange equation back to Hamilton’s equations, let’s first define
p(s) = DyL(2'(s), x(s)) (31)

as the generalized momentum for position z(s) and velocity z'(s) (we will see why this has something to do
with momentum later). We have to assume that given x,p € R™ the equation p = D,L(v,z) can be uniquely
solved for v as a smooth function of p and z as v(p, ). The Hamiltonian H associated with Lagrangian
L is defined as

H(p,l’) :pv(p,x)fL(v(p,x),x) (p,fE E]Rn) (32)
for v(p, z) satisfying p = D, L(v,x) for given x, p defined implicitly.

Remark. To understand the motivation of those definitions, let’s consider the classical setting in physics that

L(v,) = Zmlloll3 - 6(2) ()

where %mHvH% is the kinetic energy and ¢ is the potential energy with the mass m > 0. The Lagrangian immediately

tells us that the Euler-Lagrange equation is
— —ma'(s) — Do(z(s)) =0 (34)
m 2" (s) = —D(x(s)) (35)

where D¢ is the force field generated by ¢ and this is Newton’s second law for the acceleration of a particle with
mass m in such force field.

Let’s then try to calculate the generated momentum
p(s) =m-a'(s) (36)
which is consistent with the true momentum in this case. The implicit definition of v is then

p(s) = Dy L(v(s), x(s)) (37)
m-2'(s) =m-v(s) (38)

since it can be uniquely solved for v as a smooth function, it must be true that v(p,x) = x'(s), just the velocity of the

particle. As a result, the Hamiltonian for such Lagrangian is

H(p,x)=m-v-v— L(v,x) (39)

= Sl + o() (10)
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so the Hamiltonian is the total energy as the sum of kinetic and potential energy.

Remark. Another understanding of the definition of Hamiltonian is to specify p as the dual variable and L as the
running cost in the minimization problem. Although it’s currently not obvious where those names come from, this
understanding 1s the closest to the stochastic control problem and the Pontryagin maximum principle we will discuss

in a later context.

Theorem 2. (Connection with Hamilton’s Equation) Let x(s) be the optimal solution to the variational problem
and p(s) be its generalized momentum defined as p(s) = D, L(x'(s),z(s)) above, then those two quantities satisfy

Hamilton’s equations
a'(s) = DpH (p(s), x(s))
P'(s) = =Dy H(p(s),z(s))
for s €[0,t] and the mapping

s = H(p(s), x(s)) (42)

1s constant.

Proof. Here is where the assumption that p = D, L(v, ) has unique smooth solution v = v(p, z) comes in. By such
assumption, we conclude that v(p(s),z(s)) = 2'(s).

After noticing this fact, we are left with pure calculations for D,H, D, H. By definition, H(p,z) = p - v(p,z) —
L(v(p,x),x), so

Hy,(p,z) = 'i#pj v (p,x) + 0 (p,x) + p; - v (p,2) — Dy L(v(p, x), ) - Dy,v(p, ) (43)
= zn;[pj 0] (p,x) = Ly, (v(p, x), ) - v] (p, z)] + v’ (p, x) (44)
- _Zn;[pj Ly 0(p2).2)] v, () + () )
= :J;(:m x) (46)

since p = D, L(v, z) by the definition of v. As a result,

Hy, (p(s), 2(5)) = v'(p(s), 2(5)) = [2i(s)]' (47)

proved how the first n equations come.
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For the next n equations, the calculation is similar
n .
Hwi (pa .T) = ij’l};l (p7 33) - DUL(U(pa Z‘), 3)) : Diiv(pa 'T) - DwL(U(p7 Z’), :If‘) (48)
j=1
n . .
=Y Ipjvl,(p,x) = p; - v}, (p,7)] — Dy L(v(p, 2), @) (49)
j=1
= —D,L(v(p,z),x) (50)

by applying the definition of v once more. As a result,

Hy, (p(s),2(s)) = —DaL(v(p(s), 2(s)), 2(s)) = —Da L(2'(s), 2(s))
proves the Hamilton’s equations.

Moreover,

iH(p(s), z(s)) = DpH(p(s),z(s)) - p'(s) + D H(p(s), x(s)) - 2'(s)

ds
=a/(s)-p'(s) —p'(s) - 2'(s)
-0

and this is telling us that the Hamiltonian is invariant w.r.t. time.

(51)

Remark. To briefly conclude what we have talked about in this section, we start from introducing Lagrangian as the

“running loss function” of the variational problem and hope to find the optimal path x(s) minimizing the loss. Such

optimal path shall then satisfy the Euler-Lagrange equation consisting of n second-order ODFEs.

From the Euler-Lagrange equations, one can further introduce the generalized momentum p(s) and the velocity

v(p,x) as the unique smooth solution to p = D,L(v,x) (such v(s)

x'(s) is the unique velocity such that the

generalized momentum is the given p). The Hamiltonian is defined and the optimal path x(s) and the generalized

momentum p(s) must satisfy the Hamilton’s equation. Moreover, the Hamiltonian won’t change as time goes

by on the optimal path.

As a result, we have interpreted the meaning of the Hamilton equations derived from the method of characteristics.
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Legendre Transform & Frenchel Conjugate

Now let’s turn back to HJE

ur+ H(Du) =0 in R” x (0,00)

55
u=yg on R" x {t =0} (%)

with the dependence on x of Hamiltonian H cancelled. Now the Lagrangian L(v) only depends on v. Let’s
L

IIE}\JI) = 400 so of course it’s continuous.

The Legendre transform provides the Frenchel conjugate of the Lagrangian as

assume that the Lagrangian is a convex function with limj,| o

L*(p) = sup {p-v— L(v)} (56)

veER”?
The motivation of considering Frenchel conjugate comes from the fact that in previous discussions the Hamil-
tonian is defined as H(p,z) = p - v(p,z) — L(v(p,z),x), a form very similar to the conjugate of Lagrangian. To
figure out the relationship between Hamiltonian and Lagrangian, notice that under the assumptions for Lagrangian,

p-v — L(v) is concave and continuous in v. For each fixed p € R",

p-v— L(v) v L(v)

o P Tl T (l[v]] = o) (57)

so there must exist v* € R™ such that the sup can be attained, i.e. L*(p) = p-v* — L(v*). Note that if L is

differentiable at v*, then
p—DL(v*) =0 (58)

since v* achieves the sup. This gives us the equation p = DL(v*) which is just the definition equation for velocity
v(p) in the context above. As a result, v(p) = v* is the solution (although no uniqueness ensured). Replacing v*

with the velocity v(p) one can see

p-v(p) — L(v(p)) = L*(p) (59)

and the LHS is an analogue to the definition of the Hamiltonian at p! Heuristically, this gives rise to the convex

duality construction of Lagrangian and Hamiltonian.

Theorem 3. (Convex Duality of Lagrangian and Hamiltonian) Assume that Lagrangian L = L(v) is convex
and 1im|j,(| - o0 % = +oo and define Hamiltonian H = L*, then H s still convez, im0 % = 400 and
L=H*.

10
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In particular, when H is differentiable at p and L is differentiable at v, then the followings are equivalent:

p-v=L(v)+ H(p)
p=DL(v)
v = DH(p)

(60)

Proof. Note that H = L* so H* = L**. Note that since L is a convex and closed function, its Frenchel conjugate

must be itself (since double Frenchel conjugate gives the convex envelope), so H* = L is still convex and closed.

Notice that H(p) = sup,ern {p-v — L(v)}, so

YASO0,Hp) >p At — L (Ap)
||pl| ||l

> Alpll = sup L

)

it’s then obvious that lim|)p(|— e % > A, 80 limyjp) 500 % = +o00.

(61)

(62)

When H is differentiable at p and L is differentiable at v, note that if p - v = L(v) + H(p) then v is achieving

the sup in H(p) = sup,cpn {p-v — L(v)} so
p—DL(v) =0
and p is achieving the sup in L(v) = sup,cg« {p-v — H(p)} so

v—DH(p)=0

Conversely, if p = DL(v), then it’s true that H(p) = p-v — L(v) so it’s proved.

Remark. Consider the previous example that

1
L(v) = gmllo|l?

then H(p) = sup,egn {p- v — 3m[|v||?} and the sup is achieved at v* = Lp

1
H(p) = —]|lp|?
(p) = 5 -lIpll
if p = DL(v) = mu, then the Hamiltonian is actually

1
H(p) = sml o]

which is equal to the Lagrangian when there’s no potential and H(p) + L(v) =p - v.

(63)

(64)

Remark. Let’s compute some more examples to illustrate the connection between Lagrangian and Hamiltonian.

11
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Consider H(p) = L||p||” (1 <r < 0), so

T r

L(v) = sup {p-v— H(p)} (68)

pER™

|r—2

and the sup is achieved when v =7p - ||p| , so v is parallel to p with p = kv (k > 0). Plug in to find

£(0) =sup { kel = =} (69)
k>0 r
and take another derivative w.r.t. k to find that the sup is achieved when k = ||v||72“%;, s0
L(w) = " ol 75 (70)
1
= ~Ilol]* ()

where % + % =1, so s is the Holder conjugate of r.

Consider H(p) = %pTAp +b-p, where A is symmetric, positive definite and b € R™, then

L(v) = sup {p-v—H(p)} (72)

and the sup is achieved when p = A~ (v —b), so
1 T g—1
L(v) = i(v —b)"AT (v —-0) (73)
Remark. For conver function, one can define the subdifferential of H at p so that the Frenchel inequality holds
Hp)+Lwv)>p-v (74)

and the equality holds if and only if v € OH(p) if and only if p € OL(v), a generalization of the conclusion in the

theorem above.

Hopf-Lax Formula

We still consider the HJE with Hamiltonian H not depend on x but only depends on Du. The characteristic
ODEs then become

#'(s) = DH(p(s)) - p(s) — H(p(s)) (75)

12
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with the equation for p'(s),2’(s) being Hamilton’s equations. Note that since 2'(s) = DH(p(s)), by the theorem
we have proved above, L(2'(s)) + H(p(s)) = p-2'(s). So the equation of z/(s) is describing the fact that

2'(s) = L(2'(s)). From the method of characteristics,

2(t) = ula(t) 1) = / L(@/(s)) ds + g(2(0)) (76)

since z(0) = u(x(0),0) = g(x(0)) by the initial value condition, providing us an ansatz of the solution. However, this
construction of the solution u(x,t) assumes the smoothness of the solution, which is often not the case for HJE. To
think about modifying the construction of the solution such that it also works for non-smooth solution u(x,t), we

notice that
/0 L(2'(s))ds (77)

is the "running loss function” of the variational problem we have mentioned above and z(s) is the optimal path

found in that problem. As a result, we can think about defining

u(z,t) < inf {/O L(w'(s)) ds + g(w(0)) s w : [0,4] — R™,w € CL,w(t) = x} (78)

w

as the optimal ”loss” determined by the Lagrangian among all paths that hits = at time ¢. To see how
this works as the solution to the HJE, refer to the following theorem. We assume that H is smooth and convex

with lim,) 500 % = 400 and g : R” — R is Lipschitz in the following context.

Theorem 4. (Hopf-Lax Formula) For fixed x € R™ t > 0,

w

= inf {tL (It‘y) + g(y)} (80)

Proof. Consider Yy € R™ and the path w(s) = y + 3(z —y) so w(t) = x (constructed based on *¥ inside the

u(z,t) = inf {/0 L(w'(s))ds + g(w(0)) : w: [0,t] = R",w € C* w(t) = :c} (79)

Lagrangian), it’s obvious that

u(a, 1) < /OtL (572) s+t (81)

so by taking inf w.r.t. y on both sides

w(z,t) < inf {tL (x ; y) + g(y)} (82)

13
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Conversely, for any C* path w such that w(t) = x, take y = w(0)

n (S72) + o) = o2 (T2 ) 4 gtulo) (59)
=i (3 [ o)) + gtwo) (84)
< [ L)) ds + 9(w0) (85)

because of Jensen’s inequality applied for 1 fot f(s) ds, the integral average of f on [0, ]

[ rwenasz ([ wias) (30)

by taking inf w.r.t. all paths w on both sides, one can conclude that

yeR?

w(z,t) > inf {tL (xty) +g(y)} (87)

so the theorem is proved. O

Remark. The shifting from the ansatz u(x(t),t) = fot L(z'(s))ds + g(x(0)) to Hopf-Laz formula is critical!l The

main thought comes from the variational problem viewing z(s) as the optimal path and the integral of Lagrangian as
running loss.

Actually, from another perspective, one may be able to see the spirit of stochastic control out of the Hopf-Lax
formula. Notice that w can be view as a stochastic process instead of a deterministic function, and the fot L(w'(s)) ds
can be viewed as a running loss with g(w(0)) as terminal loss (conditional on the filtration %y, i.e. all information
available until time t, that’s why the domain of w is [0,t]. Then u(x,t) is essentially a value function conditioning
on w(t) = x, i.e. the process passes through x at time t. In such sense, HJE is actually characterizing the

value function of a stochastic control problem in a deterministic way!

Remark. In Hopf-Laxz formula, the inf can always be attained. Note that f(y) = tL () + g(y) is

continuous in y and

I (z=y
fly) _ (u |t| ) 9w (88)
Toll ~ =yl
with L = H* s0 lim||y|| 500 % = 400 and since g is Lipschitz, ‘g‘(ygﬁ < w < Lips(g) +¢ for large enough
llyl|. As a result,
[y
s oc Iyl > o) (59)

combining with continuity, we see that the minimum of f(y) must be attained by some y € R™.

14
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Hopf-Lax Formula as Solution to HJE

Now let’s argue that the heuristic definition of such u(z,t) by the Hopf-Lax formula is actually a solution to

HJE. In order to prove this, let’s first consider some useful propositions.

Theorem 5. (Flow Property) For each © € R™ and s € [0,t],

u(z,t) = inf {(t Y (::i/) +u(y,s)} (90)

yER™

Proof. Let’s start by noticing that for Vy € R™, s € [0,t], there always exists z € R™ such that the inf in Hopf-Lax

formula is attained, i.e.

S

u(y, s) = sL (y - Z) +9(2) (91)

in order to connect it with =%, consider the convex representation and apply the convexity of L that

t—srx—y SY—z2 T—2
- = 92
t t—s t s t (92)

() () 2 () "

(t—s)L (x_y> +u(y,s) = (t—s)L (x — y) + sL <y;2> +g(2) > tL (x — Z) +g(2) (94)

t—s t—s t

so that

take inf w.r.t. y on both sides, one would see that

inf {(t — )L (”}f‘f) + u(y,s)} > tL (m - Z) +9(2) > ulz, t) (95)

yeR™ t

On the other hand, let’s try to find y € R™ such that (¢t — s) (z_y> + u(y,s) < u(z,t). Apply the Hopf-Lax

t—s

formula again to find w € R™ such that u(z,t) = tL (w;w) + g(w). Consider applying the convexity of L again, to

set
t_
yz?m—i—TSw (96)
r—y Tr—w
= 97
t—s t ( )

and apply Hopf-Lax formula for u(y, s) once more to find

— S t

=9 (522) a0 (T50) rutnes) < - 9n (1) wor (L) vatw) 9
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note that =% = £=% so

=92 (322) +uls) <02 (52) + 9(w) = et (99)

by taking inf w.r.t. y on both sides, we proved the conclusion. O

Remark. Note that the inf in this theorem can always be attained. This requires proving the fact that

y — u(y, s) is continuous, which will be proved in a later context.

Remark. The reason why we are calling this property the flow property is that this is telling us that we can act as
if we are starting at time s < t with initial value u(y,s). Then the Hopf-Lazx formula still holds for such problem
and will generate the same u as what we would derive with an initial value condition at time 0. This is actually very

similar to the flow property of diffusion process.

Under the assumption that ¢ is Lipschitz, one would see that such w is also Lipschitz in R™ x [0, 00) and it agrees

with the initial value condition g, i.e. Vx € R™, u(z,0) = g(x).
Theorem 6. (Lipschitz Continuity) Such u is Lipschitz in R™ x [0,00), and Vz € R™, u(x,0) = g(z).

Proof. First prove that u(z,t) is Lipschitz in . By Hopf-Lax formula, there exists y € R™ such that u(z,t) =
tL (%) + g(y). As a result, for Vo, 2’ € R,
> +9(z } —tL (

z

u(@',t) — u(w,t) = inf {tL ( ) — g(y) (100)

con (TS gt ) - o (T < 0t (101)
— g(&' — 2 +y) — g() < Lips(g) - ||’ — z (102)

SO
U@’ ) — u(a, )] < Lips(g) - |1 — 2] (103)

by interchanging = and z’.
Now let’s prove that v and g agree when ¢ = 0. Note that by Hopf-Lax formula, u(x,t) < tL(0)+g(z). Set t =0

to find u(z,0) < g(z). For the other direction, we would need to use the conjugacy of Lagrangian and Hamiltonian.

ue,t) = inf {tL (T’) + g(y)} (104)

— o)+ jnf {12 (“5Y) +0) - o(o)} (105

yeR™

> g(w) —t sup {—L (Ity) + Lips(g) - ny'} (106)

JeR t
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r—y
t

by setting z = as a new variable, one can see the structure of this sup

u(z,t) = g(x) — t sup {—L (2) + Lips(g) - || I[} (107)

in order to connect this sup with the Frenchel conjugate of Lagrangian which is the Hamiltonian, we would like to

z
I=]

z

-z with w = Lips(g) 1B

see the forms like w - z — L(z). That’s why we view Lips(g) - ||z|| as Lips(g)

u(x,t) > glz) —t sup sup {—L(z) +w-z} (108)
weB(0,Lips(g)) z€ER™
=g(z)—t sup H(w) (109)

weB(0,Lips(g))
and since H is continuous and convex, Sup,,e p(o, Lips(g)) H (W) < 00, setting ¢ = 0 to see
u(z,0) > () (110)

and we conclude that such v is equal to g when ¢t = 0.
At last, prove that u(x,t) is Lipschitz in ¢t. For V0 < ¢ < ¢/, by the flow property,

u(z, t') —u(z,t) = yieann {(t/ —t)L (i_:i) + u(y,t)} —u(x,t) (111)
< (t' —t)L(0) + u(x,t) — u(x,t) (112)
= (t'—t)- L(0) (113)

on the other hand, let’s apply the trick above one more time

w(z,t') = u(z,t) + inf {(t’ L (x - y) uly,t) — u(x,t)} (114)
yER™ t—t
: T—y , [y — =l
> u(x,t)+ (t' —t) yleann {L (t’ — t) — Lips(u) - ST (115)
consider z = ¥== and transform Lips(u) - % into the inner product form to see
u(z,t') —u(z,t) > —(t' —t) sup {—L(2) + Lips(u) - ||2][} (116)
z€R™
=—t'—1t) sup sup {—L(2)+w-z} (117)
weB(0,Lips(u)) zER™
=—(t'—1) sup H(w) (118)

weB(0,Lips(u))

17



Stochastic Control notes written by Haosheng Zhou CONTENTS

in all, we see that

lu(z,t') —u(z,t)| < C - |t' —t|,C = max < |L(0)], sup |H (w)] (119)
weB(0,Lips(u))

and such constant C' has no dependence on x and ¢, that’s why w is also Lipschitz w.r.t. time ¢.
O

Theorem 7. (Hopf-Lax Formula as Solution to HJE) For u defined by the Hopf-Lax formula, if it’s differen-
tiable at a point (x,t), then wi(x,t) + H(Du(z,t)) = 0. In particular, such u is differentiable almost everywhere and

it’s the solution to HJE in the almost everywhere sense.

Proof. By Rademacher’s theorem, Lipschitz function on an open subset of R™ is almost everywhere differentiable.
So we only have to prove that HJE holds whenever u is differentiable at (z,t).

let’s first calculate the directional derivative of w along any vector v. By flow property,

u(z + hv,t + h) = yieann {hL (:U—i—hhv—y> + u(y, t)} (120)
< hL(v) + u(x,t) (121)

as a result,

u(x + ho,t + h) — u(z,t)

Yo € R", v - Du(z,t) + u(z,t) = lim < L(v) (122)
h—0+ h
note that the Hamiltonian is the Frenchel conjugate of Lagrangian, so
ug(x,t) + H(Du(x,t)) = ut(z,t) + sup {v- Du(z,t) — L(v)} <0 (123)

vER™

To prove the other side, we have to choose v in the sup carefully. By Hopf-Lax formula, there exists z € R"”

such that u(z,t) = tL (£32) + g(z). Take v = £7% in the sup to find

ut(z,t) + H(Du(z,t)) > ug(z, t) + g - Du(x,t) — L (x ; Z) (124)

again we have to use finite difference to approximate the partial derivatives

u(z,t) —u (tthz+ ?zth) — 1L <“th> +g(2) —u (tthx+ ?Z,th) (125)
212 (555) +a) - - mz (S5 - 002 (126)
= hL <x22> (127)
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setting h — 0" to know

r—z

ug(z,t) +

- Du(z,t) > L <x;‘z) (128)

Finally, we have proved that
ut(x,t) + H(Du(z,t)) =0 (129)
O

The theorem above ends our discussion on the solution to a particular kind of HJE (Hamiltonian only
depends on Du and is convex with Lipschitz initial value condition). To see a direct example of the

application of Hopf-Lax formula, consider the following PDE

ug + ||Dul]2 =0 in R™ x (0,00)

(130)
u=400-Ige on R™ x {0}
with E as a closed subset in R”. Now the Hamiltonian is H(p) = ||p||? so Lagrangian is its Frenchel conjugate
Lo
L(v) = sup {p-v—H(p)} = Z|lv]] (131)

pER™

Apply the Hopf-Lax formula to find

u(z,t) = inf {tL (z - y) + g(y)} (132)

yeR”
1 )

—;Eé{zullx—yu } (133)
1

= @distQ(ax, E) (134)

the solution has something to do with the distance between = and FE.
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Optimal Control Problem and Hamilton-Jacobi-Bellman Equation

In this section we state the deterministic optimal control problem and find the connection between optimal

control problem, HJE, Hamilton-Jacobi-Bellman equation (HJBE) and -Lax formula.

Problem Formulation

All control problems have a certain dynamics telling us how the system evolves. In optimal control problem,

the dynamics is given by an ODE

2'(s) = f(z(s),a(s)) (s € [t,T])

(135)
x(t) ==

where the dynamics works in time interval [¢, T'] with T fixed and an initial value condition given at time ¢. We will
be varying the time ¢ and the initial value x shortly afterwards to get a PDE describing such an optimal control
problem. Note that x(s) denotes the state of the problem at time s while 2 denotes the initial value
condition. Viewing z/(s) as M for h — 07, the ODE is describing how the change of state from time s
to time s + h happens given the current state z(s) and the current control «a(s). (so it’s actually a Markovian
setting since 2’(s) has nothing to do with {z(¢)} |;<s given x(s).) The control can be understood as the "action” in
discrete-time Markov decision process that changes the state evolution and has something to do with the rewards.
The control is nothing complicated but a set of parameters given at each time that will change the dynamics of
the system, eventually changing the state evolution of the system. Let’s denote A C R™ as some given compact set

consisting of all possible values the control at a given time «(s) can take. The admissible set
o ={a:[0,T] = A: a(-) measurable} (136)

then denotes all possible controls across the whole time interval [0, 7] (since control may change over time, it maps

each time point to the value of control at that time point). It’s then clear that the function
fR"xA—>R" (137)

is mapping a m + n-dimensional vector to a n-dimensional vector. Let’s assume that f is a given bounded
Lipschitz function. This assumption is made to ensure that the ODE always has unique solution for every given
control a(-) € o denoted x(-) = 2*()(-). Our goal in optimal control problem is to find the optimal control
a*(-) under some criteria.

In order to define the optimality, we introduce the cost functional that represents the cost one has to pay

selecting control « with initial value condition z(t) = x

T
Coslo] = / r(z(s), a(s)) ds + g((T)) (138)
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here ftT r(z(s), a(s)) ds is the running cost and g(z(T")) is the terminal cost where r : R” x A — R, g : R" — R are
assumed to be bounded and Lipschitz in variable x.
To sum up, given time ¢ € [0, 7] and the initial value condition z(t) = =, we want to find the optimal control

o™ such that

Cx,t[a*] = (;g; Ox,t[a] (139)

Value Function

Let’s consider the value function u(x,t) as the least possible cost among all admissible control with initial

value condition x(t) = x (with dynamic programming approach), i.e.
t) = inf C,:la 140
u(z,t) ale tlal (140)

then we hope to find a PDE that characterizes such value function u.

Theorem 8. (Optimality Condition) For fized x € R",0 <t <T and h > 0 such thatt+h < T,

t+h
w(zt) = inf {/t r(m(s),a(s))ds+u(x(t+h),t+h)} (141)

acd

where z(-) = £*0)(-) is the solution to the ODE for fized control a-).
Proof. For any control «; € 7, the ODE has solution x1(-). Now we want to prove that LHS is less than RHS, so
we have to argue that Ve > 0,

t+h
(e, t) < /t r(21(5), an(s)) ds + u(wa (t + h), £+ h) + (142)

In order to achieve this goal, expand the inf in the definition of u(x,t) for time ¢ + h and initial value x1(t + h)
to find that Ve > 0, there exists as € & and the solution to the ODE for fixed control ag which is z5(+) such that

T

u(zi(t +h),t+h) +e > Cpy(t4n)4+nl02] = /Hh r(xa(s),as(s)) ds + g(z2(T)) (143)

so far, we have successfully figured out a lower bound for u(x;(¢t + h),t + h). To connect it with u(z,t) and any

control a1, we can construct a new control a3 that sticks to « before time t + h but shifts to ay after time ¢ + h.
asz(s) = ai(s) - Li<s<irn + a2(s) - Lepn<s<r (144)
under our assumption, the original ODE has unique solution, and it’s easy to see that

23(s) = 21(8) - Li<s<tvn + T2(s) - Lpn<s<r (145)
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is the solution to the ODE for fixed control a3 since

Vi<s<t+ h7$§(8) e 3511(8) = f(z1(s), 1(s)) = f(w3(s), a3(s))
Vt+h <s<T,25(s) = 25(s) = f(z2(5), aa(s)) = f(z3(s), as(s))

now we can see that

T

— / r(za(s), aa(s)) ds + g(zs(T))
t+h T

- / r(w1(s), on (s)) ds + / r(za(s), an(s)) ds + g(za(T))
t t+h

t+h
g/t r(xz1(s),a1(s))ds + u(x1(t + h),t +h) +¢

so we have proved that

t+h
u(x,t) < in;{/ r(:c(s),a(s))ds+u(m(t—i—h),t—i—h)}
ac t
On the other hand, Ve > 0, there exists control ay € 2/ such that
u(z,t) + e > Cy oy

T
= /t r(z4(s), aa(s)) ds + g(z4(T))

t+h T
- / r(@a(s), aa(s)) ds + / F(@a(s), aa(s)) ds + g(xa(T))

t+h

by the inf in the definition of value function. However, by applying again the inf for u(x4(t + h),t + h)

u(za(t +h),t +h) < Coyeny,evnlad]

/ A(5)) ds + g(za(T))

so we have proved that

t+h
u(z,t) +e > /t r(z4(8), aqa(s)) ds + u(xs(t + h),t + h)
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and we will find

t+h
u(x,t) > inf {/t r(z(s),a(s)) ds +u(x(t+ h),t + h)} (160)

acd

so the theorem is proved. O

Remark. The optimality condition is telling us a very intuitive fact: the optimal control for the process starting
from x at time t, has already taken the optimal control for the process starting from x(t + h) at time t + h into
consideration. As a result, we can view uw(z(t+h),t+h) as the terminal cost (only depends on the endpoint x(t+h))
and Lt+hr(x(s), a(s))ds as the running cost (depends on how x(t) behaves in time [t,t + h]). One might be able to

see the Markovian structure again from this expression.

To set up a PDE for value function u(z,t), it’s natural for us to prove that w is Lipschitz (so it’s almost

everywhere differentiable and the PDE can hold in the almost everywhere sense).

Theorem 9. (Boundedness and Lipschitz Continuity of Value Function) The value function u(x,t) under

the assumptions above is bounded and Lipschitz on R™ x [0,T].

Proof. Since u(x,t) = infyey Cyp i) and 7, g are assumed to be bounded, it’s obvious that u is also bounded
w(z,t) <sup|r|-T + suplg]| (161)

Now fix t € [0,T] and consider z,Z € R, apply the inf in the definition of value function, so Ve > 0, there exists
control & and #(s) as the solution to the ODE with fixed control & and initial value condition #(t) = & such that

T
w(Z,t) +e> / r(&(s), a(s)) ds + g(2(T)) (162)
¢
so let’s estimate the difference
T
u(z,t) —u(@, t) < u(z,t) — / r(&(s),&(s))ds — g(&(T)) + ¢ (163)
¢
T T
< / r(x(s), a(s)) ds + g(z(T)) — / r(&(s), a(s)) ds — g(2(T)) + ¢ (164)
¢ ¢
note that here we are taking z(s) as the solution to the ODE with initial value condition z(t) = x that

a'(s) = f(x(s), a(s)) (165)

since r, g are Lipschitz with Lipschitz constant C..,Cl,

T
u(z,t) —u(@, t) < Cr/t llz(s) — Z(s)||ds + Cyl||z(T) — &(T)|| + ¢ (166)
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in order to estimate ftT l|z(s) — Z(s)|| ds, note that since f is also Lipschitz with constant C,

[|2"(s) = &"(s)[] = | f (x(s), &(s)) — f(&(s), &(s))| (167)
< Cyllz(s) — 2(s)l] (168)
by Grownwall’s inequality,
llz(s) = &(s)l| < Cllz(t) = 2(8)[| = Cllx — 2| (169)
that’s why
u(z,t) —u(z,t) < CT||lz — 2|| + ¢ (170)

for some constant C' and thus w is Lipschitz in variable = (the other side is similar).
To prove that it’s also Lipschitz in variable ¢, let’s fix € R™ and consider ¢, € [0,7]. For Ve > 0, there exists
control « and the solution z(-) to the ODE with fixed control « such that

T
u(z,t) +& = Coyla] = / r(x(s), a(s)) ds + g(x(T)) (171)
t
consider the time-shifted control &(s) = a(s +t —t) and & as the solution to the ODE with fixed control &, one may

find 2'(s) = f(&(s),&(s)) and Lx(s+t—1) =a'(s+t—1) = f(z(s+t—1),a(s+t—1)) = f(z(s+t —1),a(s)). By
the uniqueness of the solution, we know that 2(s) = x(s +t —t), #(f) = z(t) = z, so

R . T
u(z,t) — ul(x, t) < u(z,t) — /t r(xz(s),a(s))ds — g(x(T)) + ¢ (172)
< /t r(i(s), a(s)) ds + g(#(T)) —/t r(2(s), a(s)) ds — g(a(T)) + & (173)
T—i+t
< /T r(a(s), a(s)) ds + g(@(T)) — g(x(T)) + ¢ (174)
<sup|r|- [t — i+ Cy - |(T) — x(T)|| + ¢ (175)
<C-jt—t+e¢ (176)

since ||2(T) — 2(T)|| < sup|f|-|T +t—t—T| = sup|f| - |t — £| so we have proved that u(z,t) is also Lipschitz in ¢
(the other side is similar). O
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Hamilton-Jacobi-Bellman Equation (HJBE)

Now from the optimality condition and the Lipschitz continuity of the value function derived above, we can set

up a PDE describing the evolution of value function u(z,t).

Theorem 10. (HJBE for Value Function) The value function under assumptions above satisfies the HIBE

us +infoe {f(z,0) - Du+r(z,a)} =0 in R™ x (0,7T)

(177)
u=g on R™ x {t}
Proof. When ¢t =T, u = infoey Cpr[a] = fTT r(z(s),a(s)) ds + g(z(T)) = g(x) gives the terminal condition.
When 0 < t < T, recall the optimality condition that for h > 0 such that t + h < T,
t+h
u(w,t) = in; {/ r(z(s), a(s)) ds + u(z(t + h),t + h)} (178)
ac t

where x(-) is the solution to the ODE for fixed control a. Let’s modify both sides of this property to get HIBE, be
careful with the difference between x and z(-) since the previous one denotes the initial value while the latter one
denotes the solution to the PDE

o) Ut ) _ {;11 [ e - HELERLLED a4 1) } 170
o {]11 /tt+h ol () ds 4 w(z(t+h),t + h})l — u(a(t),t+ h) } (150)
setting h — 0T on both sides to find
—uy(w,t) = it {r(x(t). o) + Dule(t),0) - /(1)) (181)
= inf {r(z(t),a(t)) + Du(,?) - f(2(t),a())} (182)

now let’s neglect the initial time ¢ and initial value x to denote the PDE as
ut + in; {r(z,a) + Du- f(z,a)} =0 (183)
(1S

note that u being Lipschitz guarantees that the partial derivatives w.r.t. each variable exists almost everywhere. [

Remark. We can find the connection between HJE and HJBE that if we set the Hamiltonian as
H(p,z) = 122 {f(z,a) - p+r(z,a)} (184)

then HJBE is just HJE uy+ H (Du, z) = 0 but with a terminal value condition instead of an initial value condition.
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Remark. One may still recall the Hopf-Lax formula mentioned above to solve HJE uy + H(Du) = 0 with initial

value condition u(z,0) = g(z) that

u(z,t) = inf {tL (xt_y) +g(y)} (185)

yER™

with the Lagrangian L as the Frenchel conjugate of the Hamiltonian H. We can verify that such u(x,t) also provides
us with the solution to a special kind of HJBE.

Now that HJE has initial value condition but HIBE has terminal value condition, the most natural way is to do
the time reflection v(x,t) = u(x,T — t) such that the terminal value condition of u actually gives the initial value

condition of v. It’s easy to see that
v(z,0) = u(z,T) = g(x) (186)
then notice that vy = —uy, Dv = Du, so the HIBE for u can be reformulated as the following HJE for v that

v+ H(Dv,z) =0 in R"x (0,T)
v=yg on R™ x {0}

(187)

with Hamiltonian
H(p,z) = — inf {f(z,a) -p+r(z,a)} (188)
acd

However, in order to let the Hopf-Lax formula work, we have to assume that r(z, o) = r(a), f(z, o) = f(a), i.e.

both running reward and the dynamics does not depend on the state x. So the HJE and the Hamiltonian

becomes
+H(Dv)=0 inR"x (0,T

vt HDY) =0 in R x (0,7) )

v=yg on R™ x {0}
and

H(p) =~ inf {f(0) -p+r(0)) (190)

So the Frenchel conjugate is
L(v) = sup {p-v—i— inf {f(a) -p—i—r(a)}} (191)
pERR acd
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and the solution to HJE is given by

o(z,t) = inf {tL (x;y) +g(y)} (192)

yeRn
= o {p?ﬂg {p (z—y)+t inf {f(a)-p+ r(a)}} + g(y)} (193)

as a result, the solution to HIBE is

e.t) =@ T =0 = inf {sup {p- e =)+ (00 nt (@) pr@) | row) ) o

under the assumption that g is Lipschitz, H is convex and lim % = +00.

However, one might realize that although we have got an analytic solution for HJBE, the assumption that the
running reward and the dynamics both do not depend on state is too strong that most of the interesting ezamples would
not satisfy such assumption. This assumption only works well for a problem setting with a single state and many
actions to be chosen, i.e. the continuous-time bandit problem but fails for most reinforcement learning problems.

Although one would not be able to solve the HIBE analytically in all cases, our previous discussion about general
HJE ui+H (Du, x) = 0 still provides some insights. One can consider the Hamilton’s equation and the Euler-Lagrange
equations associated with the HJBE.

Infinite-Horizon Problem

Among our discussion, we are assuming that there exists some upper time limit 7' < oo and the dynamics works
in time interval [0,7]. However, one can also consider the infinite-horizon problem by taking 7' = co. Let’s adopt

all same assumptions for A, f,r, g above, and consider the admissible set
o ={a:[0,00) = A: a(-) measurable} (195)

with z(-) as the unique solution to ODE
(196)

for fixed control a.. In order to ensure that the cost is well-defined on infinite time horizon, let’s introduce A > 0 as

continuous-time discount rate and define the cost as

Cila) = /000 e Mr(x(s), a(s)) ds (197)
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and the value function as

u(z) = inf Csla] (198)

note that the biggest difference is that infinite time horizon problem under the Markovian setting has

time-homogeneous value function.

Remark. To see this, let’s assume that former definition still applies

Cyila] = / e Mr(x(s), a(s)) ds (199)
¢
and the value function is
u(z,t) = algi{ Cy i) (200)
with the ODE having initial value condition x(t) = x. Now consider ¥Vt > 0,
o0
Cy i) :/ e Mr(x(s), a(s)) ds (201)
¢
= / e Mty (2(s + 1), s + 1)) ds (202)
0
where z'(s) = f(x(s),a(s)),x(t) = . However, let’s consider another solution Z(s) to the ODE with fized control

a(s) = a(s+t) such that &'(s)

= f(&(s),&(s)),z(0) = x, according to the uniqueness of the solution to the ODE, we
immediately know that &(s) = x(s +

t). So now

Cy.tla]

s

/OO e Nt ((s + 1), afs + 1)) ds (203)
0

— e M. Ooe_’\sr:%s a(s))ds
- / (#(s), a(s)) d (204)

=e M. 0, old] (205)
and by taking inf on both sides, one would see that

u(z,t) = e - u(x,0) (206)

s0 the time t only appears in the discount factor e

u(zx) by taking the time t as 0 by default.

. That’s why we only need to consider u(x,0) and denote it as

Under all assumptions made above, one can see that v is bounded and if A > Lips(f) then u is Lipschitz.

To argue this, one do the similar thing as done in the previous proofs. Vx,z € R™ Ve > 0, there exists control
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& € o and the solution Z(s) to the ODE with fixed control & and initial value condition #(0) = & such that
u(Z) +e> / e (i(s), a(s)) ds (207)
0
now by definition,
u(z) —u(@) <wu(z) — / e (2(s), a(s)) ds + ¢ (208)
(o) 0 oo
§/ e~ (x(s), a(s)) ds —/ e Mr(i(s), a(s)) ds + ¢ (209)
0 0
where z(s) is the solution to the ODE with fixed control & and initial value condition z(0) = z. So we know that

u(z) —u(@) < /000 e_)‘s[r(x(s), a(s)) —r(z(s),a(s))]ds+ ¢ (210)

<C,- e |x(s) — a(s)||ds + € (211)
0
and ||2/(s) —2'(s)|| = [|f(x(s), &(s)) — f(&(s), &(s))|| < Cf-||z(s) — &(s)|| so by Grownwall’s inequality, we conclude
that

[la(s) = @(s)|| < ¥ - []2(0) = 2(0)]] = €7* - [| — 2] (212)

so the estimates look like

o)
u(z) —u(@) < C -z — 2| - / elCr=Ns ds 4 ¢ (213)
0

so when C'y = Lips(f) < A, the integral converges and is a constant, that’s why u is Lipschitz and is differentiable
almost everywhere.

To get the HIBE for such value function u(x), let’s plug in
u(z,t) = e - u(x,0) (214)
into the HJIBE we derived for general optimal control problem to see that
up(x,t)|t=0 = =X - u(z, 0) (215)
SO

—X-u(z,0) +;g£{ {f(z,a) - Du+r(z,a)} =0 (216)
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and we get the HIJBE for infinite-horizon optimal control problem
Au — in; {f(z,a) - Du+r(z,a)} =0 (217)
ae

for value function u = u(x).
Till now, we have finished the discussion on optimal control problems. In the following context, we will talk
about stochastic control problem where the dynamics is not an ODE but an SDE. One would see that the PDE

approach is still similar to what we have done here but the probabilistic approach would be very different.
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For the following contents, we refer to the book Lectures on BSDEs, Stochastic Control, and
Stochastic Differential Games with Financial Applications by Rene Carmona and the book Continuous-

time Stochastic Control and Optimization with Financial Applications by Pham.

Stochastic Control Problem, PDE Approach

Problem Setting

In the setting of stochastic control, the state process is denoted as { X}, a stochastic process in R?, generated as
the solution to a SDE for given control (action) {«;}, which is also a stochastic process. Similar to the deterministic
case, let’s first specify the set of all admissible controls one can choose from. Note that different from the deterministic
case, here we also have to specify the measurability of those controls, i.e. one cannot make use of the information
that can only be known in the future to determine the best control for the time being.

Let’s assume that the control a; at each fixed time ¢ can take value in A, a subset of a Polish space. Most often,

we assume that A C RF is a compact subset and ./ denotes the set of all admissible controls, i.c.
o ={a={o}:Vt>0,00 € A} (218)

let’s denote « as the whole stochastic process {a;} in the following context. Sometimes, there will be uniform

bounded condition added for o« € &/ and sometimes we would assume that
T
E/ llowe||2 dt < o (219)
0

,ie. a € L%([0,T] x Q) is in the L? Hilbert space of stochastic processes on time interval [0, T]. However, those
conditions are added as required and there’s no standard formulation of the admissible set.

Let’s then consider the measurability of admissible controls. Assume that we are in the finite time horizon
case and the time has upper limit 7. Then for each t € [0,7], when one wants to choose the control, one
obviously cannot use all the information of {Xt}te[o,T] since one cannot make any current decision based on future
information. Let’s denote {Z;} as a filtration standing for the information available to the controller at time
t, i.e. ap € Z;. There are mainly four different kinds of settings for the measurability conditions of the admissible

set.
e OL (Open Loop) The setting where Z; = o { Xo} and ay = a(t, Xo, {Bs} |sef0,4)-
e CLPS (Closed Loop Perfect State) The setting where Z; = o {X, : s € [0,t]} and a; = (L, {Xs} sejo.6)-
e MPS (Memoryless Perfect State) The setting where Z; = o {Xo, X} and ay = a4 (¢, Xo, X3).
e FPS (Feedback Perfect State/Markovian) The setting where Z; = 0 {X;} and ay = ay(t, Xy).
In OL, the information available to the controller at time ¢ is always the initial state and the noise so far. In MPS,

the information available to the controller at time ¢ is the initial state and the current state. In FPS, the information
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available to the controller at time ¢ is only the current state but the initial state can not be observed and in CLPS,
all history states are known to the controller. One might be able to find that OL is the most specific setting while
CLPS is the most general setting. By mentioning Markov games, we take the FPS setting by default.

Now the dynamics of the state process is given by the SDE

dXt = b(t,Xt,Oét) dt+0(t7Xt,Oét) dBt (220)

where the drift and diffusion coefficient b : [0,7] x R? x A — R% ¢ : [0,T] x R x A — R¥™, So X, is a process
in R?, the BM B, here is of m-dimension and for each given control o; one can solve the SDE to know X, (the
choice of action changes the state evolution). For the purpose of simplicity, we want to ensure the existence and
uniqueness of the strong solution to such SDE. Note that both coefficients depend on the control oy, so it’s

natural to make some additional assumptions to the admissible set that

T
o = {a : IE/ [[b(t, 0, c)||? + ||o(t,0, )| | dt < oo} (221)
0

now we also assume that b(t,z,a),o(t,z,a) are both Lipschitz in z so the existence and uniqueness of the
strong solution can be guaranteed. Let’s denote X"%* = { X%} lse[t,r) as the unique solution to the following

SDE with initial value condition and given control o € &7

dXt = b(t, Xt7 O[t) dt + O'(t, Xt, Oét) dBt

(222)
Xt =T
The cost functional is defined as
T
J(a)=E / f(s, Xs, o) ds + g(X7) (223)
0

consisting of two parts, the running cost and the terminal cost, and we assume that f(¢,z,«a) is Lipschitz in z.
Now the objective of stochastic control problem is to find the optimal control a = o* such that it minimizes

the cost functional J(«).

Remark. Of course, such optimal control a® does not necessarily exist. To prove the existence, one needs to show
that <7 is a conver subset and J is convex, l.s.c. with compact level sets so that the existence of the minimum is

ensured. However, this does not seem to be very interesting in the scope of our discussion.

Remark. To mention the technique of absorbing the running cost and maintaining only the terminal cost, let’s

consider a nmew process

Y, = /Ot f(s, Xs,as)ds (224)
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so J(a) = E[Yr + g(X7)] =Eg(Xr,Yr) if the function g is defined as

g(z,y) =y +g(z) (225)

As a result, under the new setting, our state process becomes X; = (X+,Y:), and the cost functional is J(a) =
E§(Xr) with the same set of admissible controls. However, the cost of doing this is that: (i): the increase in the

dimension of state process (ii): Y has dynamics dYy = f(t, Xt, ) dt that has no diffusion terms.
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Example: Separable Control Problem
Consider the problem where a single firm facing regulations for pollution permits in time [0, 7]. The firm has

cumulative emissions F; up to time ¢ generated by the SDE

dEt = (bt — ft) dt + o dBt
Ey=0

(226)

where b; is the expected rate of emission change if there’s no regulation and &; is the rate of abatement chosen by
the firm (so it’s an action/control). However, the larger rate of abatement the form chooses, the less it can produce,
so there is a cost function ¢ : R — R characterizing the cost of lowering the emission. On the other hand, the form
can also choose to hold 6; quantity of pollution permits at time ¢, with Y; characterizing the price of each pollution
permit (there is an allowance market where firms can trade permits). At last, our goal is to figure out the best
control £*,6* such that the utility of the firm is maximized for a given utility function U.

Now we make assumptions that b;,o; are adapted and bounded, ¢ is C!, nondecreasing, strictly convex and
¢ (—00) = —00,c (+00) = +00,¢(0) = 0, U is C*, increasing, strictly concave and U’(—oc) = —o0, U’ (+00) = +00
(the Inada condition). Note that here BM B; and E; are both 1-dimensional.

Let’s denote X1 as the total wealth of the company at terminal time 7" with initial wealth Xy = z, then

T T
XT =+ / Qt dY} - / C(ft) dt — ETYT (227)
0 0

here the second term on RHS stands for the wealth the firm gets in the allowance market by trading permits through
time [0, T, the third term on RHS is the cost in production caused by the abatement in the emission, and the last
term on RHS is the final cost to eliminate all emissions with permits (there’s Ep emissions altogether and each

permit costs Yr). Our goal is to find the optimal control £*, 6* such that

EU (X§) = swp EU(X§') (228)
(&,0)ed

the admissible set here only requires the integrability condition

T
IE/ be — €112 + [low] |2 dt < oo (229)
0
Let’s prove that the optimal abatement strategy is

&= ()7 (W) (230)
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let’s rewrite the terminal wealth by replacing F}

T T
ETYT = YT (/ (bt - gt) dt + / Ot dBt> (231)
0 0

T T T
= YT (/ bt dt + / (o dBt) — YT / ft dt (232)
0 0 0

note that

/0 i — e dt = /0 : ( /t ' dxg) & dt (233)
_ /OT (/Osgtdt> dy, (234)

plug in to find

T T T T T T s
0 0 0 0 0 0 0

T T T T T t
:l'—/o [C(ft)_ytgt} dt+A Gt dY;g—YT/O btdt—Y'T/Ov UtdBt_'_/O (A fs dS) d}/t (236)

T T t T T
=T — /O [C(ft) — }/tgt] dt + /O |:9t + /O gs d8:| d}/t — YT/O bt dt — YT/(; g¢ dBt (237)

call the first two terms on RHS as Bé and the remaining terms on RHS as A?} with the new control defined as
0, = 0, + fot &, ds, SO now

T
BS =2 — [y [e(&) — V&) dt
g T 5 T T (238)
AT = fO thYt —YTfo btdt—YTfO O'tdBt
those two parts are separated such that B; has nothing to do with 6 and A,e; has nothing to do with & if we see &, 6
as two independent controls (although they are actually not since the definition of 6 contains ). However, we can
notice that when (6,¢) traverses through the admissible set <7, (6,¢) also traverses through the admissible set

and vice versa. As a result,

sup EBU (X§) = swp EU (X§) (239)
(&,0)ea (&,0)e
= sup EU (A? + B;) (240)
(€,0)eet
= sup sup EU (A§ + B%) (241)
e EE€EA
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so the optimal abatement rate & is the & that maximizes ng (under the maximization of x4, Agw is a constant and

1

note that the utility is increasing, under the assumptions, the maximum exists and (¢/)~! exists).

¢ = arg max {x — /0 [e(&) — Yi&) dt} (242)

&
=)' V) e (243)

Remark. The trick applied in this example is to set up a new control such that the wealth is a separable and argue
that the old set of controls traverse through the admissible set if and only if the new set of controls traverse through
the admissible set. As a result, the new controls can be seen as independent controls and two mazximization can be
dealt with separately.

Note that one has to verify that the optimal control one get satisfies measurability requirements. For example,
in this example, we are taking the Markovian setting so & can only depend on the value of all observable processes

at time t.

Remark. To get the intuition of such optimal abatement rate, it’s telling us that on observing the price of the
pollution permit Yy at time t, the firm shall always make sure that the marginal production cost ¢'(&;) is equal
to the marginal emission cost Y;. In economics, it’s rational to only compare the marginal so we would get the

same conclusion from intuition.

Example: Separable Control Problem

Let’s use a slightly different example to illustrate the same trick once again. Now still consider a single firm

with regulation for emission allowances. Now the firm produce a source with price P; following BS model such that

dP;

at each time the form can choose its rate of production ¢; with production costs ¢(g;). Similar to the example above,
the form has to buy permits for all the emission it produces. The price of the permit is denoted as Y; and now the

cumulative emission until time ¢, denoted F, is proportional to the production amount until time ¢ for fixed € > 0
Et = EQt, EO =0 (245)

t
Qr = / qs ds (246)

0

The firm has to decide 6;, the quantity of permit to hold and ¢, the rate of production at time ¢, so the control
is made up of the pair (0;,q;). Let’s still use X for the total wealth of the firm at time T" with initial wealth Xy = z,
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then
T T T
XT =+ / Ptqt dt — / C(qt) dt +/ (‘)t dY—t — ETYT (247)
0 0 0
T T T
=+ / Ptqt dt — / c(qt) dt + / Ht d}/t — EQTYT (248)
0 0 0
the utility function U is provided and we wish to find optimal control 6%, ¢* to maximize the expected terminal utility

EU (X]7) = sw EU (x7) (249)
»q

Likewise, we make the following assumptions that yu, o are C' with bounded derivatives, cost function ¢ is C!
and strictly convex, satisfies the Inada condition, i.e. ¢/(—o0) = —o0,'(+00) = 400, and the utility function U is
C1, increasing, strictly concave and satisfy the Inada condition, i.e. U’(—o0) = —o0, U’ (+00) = +00. The admissible
set of controls only have adaptability and integrability conditions as stated in the previous context.

Now the optimal production strategy should be
g = ()TN (P, — eYh) (250)

since the marginal cost of producing is ¢/(¢q¢) + €Y; (the rising in cost and the need to buy permit for increased
emission) and the marginal profit of producing is P;. By previous explanations on the intuitions, it’s easy to see that
optimal control is achieved when the marginals are equal.

Let’s apply the same trick of separating two control variables here by transforming the term QrYr using Ito

formula (note that @), has finite variation)

d(Q+Yy) = Q¢ dY; + Y, dQy (251)

T T
QTYT:/O Q¢ dYt+/0 Y dQy (252)

T t T
:/ </ qs ds) dY; +/ Yiq; dt (253)
0 0 0

plug into the expression for X1 to see that

XT—er/OT[(PtsYt)qtc(qt)]dtJr/OTﬁtdYta/OT (/thsds) Y, (254)

:x+/OT[(Pt Vg — e(q))] dt+/0T {@—a/ot 05 ds] ay, (255)
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denote the new control 0, = 0, — & fot gs ds to find that

T T
Xr=z+ / [(P; —eYi)qr — c(qe)] dt + / 0, dY; (256)
0 0
and separate it into two parts

A = [ 6,dY,

- (257)
Bl =z + fo [(P; — eYy)qe — c(qt)] dt
note that when (6, q) traverse through the admissible set, so does (é, q), so
sup EU (Xg’q) = sup EU (Xg’q) (258)
0,qc 6,qc
= sup EU (A§ JrB%) (259)
§,q€d
= sup sup EU (A?p + B%) (260)
feor 9

and the optimal production strategy will be attained when Bf. attains its maximum (since now 0, q are considered

as independent controls and utility function is increasing, with B7. only depending on ¢ and Agz only depending on
)

T
g; = arg max {x —|—/O [(P: —eYy)q: — clqr)] dt} (261)

qt

g =) (P—-eY) el (262)

we can check that at time ¢, under the Markovian setting, P;,Y; are observable to the controller so g; € Z; satisfies

the measurability condition.

Remark. One might hope to use the similar technique to figure out the optimal quantity of permit to hold since

T
0; = arg max {/ 0 dY}} (263)
0, 0

however, one may find that by setting the derivative w.r.t. 0, as 0, one cannot find the optimal 0, because of the
measurability issue (Y is not known at time t). So one cannot find an admissible control from this problem as we

have done for gi and one has to consider instead

T
07 = arg max {EU (/ 0, dY; + B} ) } (264)
¢ 0
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so by taking the derivative, one would get

E

U’ (/Té;‘dYtJrB?p*) -(YT—YO)] =0 (265)
0

and we will see that fOT é;‘ dY; has something to do with the process Y after time t, so the optimal control é: 18
hard to figure out (especially to ensure the measurability). This is telling us that the two examples shown above have
easy and intuitive optimal control solution because of the simplicity of the example and generally it’s hard to find the

admissible optimal control.
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Value Function, HIBE and the PDE Approach

Now the PDE approach to stochastic control focuses on applying the dynamic programming principle,
setting up value functions and deriving HIBE of the value functions to solve the problem.
Let’s assume that we are under the Markovian setting and the cost after time ¢ sticking to control o with

initial value condition X; = x is denoted as
T
J(t7,0) =E l [ s Xuan) ds 4 gxm] X, = x] (266)
¢

(note that here X is the solution to the SDE for given control o) and let’s denote 7 as the admissible set of controls

a over time interval [t, T] with measurability and integrability conditions
T
E/ 16(s, Xs, a)||* + ||o(s, Xs, )| |* ds < 0o (267)
t

and the HJB value function is defined as

t,z) = inf J(¢ 268
olt.o) = inf J(tw.0) (268)
the lowest possible cost with initial condition X; = x over all admissible controls. Since we are planning to find the
HJBE that such value function is satisfying, it’s natural to ask whether the value function is differentiable at all

points and what conditions are needed such that a PDE for the value function can be constructed.

Remark. We can also denote J(t,z,a) =FE [ftT f(s, X% ag)ds + g(X55) | and X1 denotes the value of the
solution to the SDE at time s with fixed control o and initial value condition Xy = x. It’s easy to see that those two

definitions are equivalent.

Example: Regularity Issues of Value Function

Let’s look at an example where d = 1, i.e. X} is 1-dimensional process with A = [-1,1],0 =0, f = 0,b(t, z, ) =
a,g(r) = —2%. So now we know that

dXt = Q¢ dt (269)

J(t,z,0) =E [—X%‘Xt - x] (270)
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g . S
now conditioning on X; = x, we know X = x + ft ;. dr so

2

J(t,z,a) = — (:L’ + /T Q. dr) (271)

T 2
t = inf { — rd 272
u(t, ) nf, (:c +/t e r) (272)

it’s clear that if © > 0 then since Vs € [t,T],as € A = [—1, 1], the inf is attained when Vs € [t,T],as =1l and if £ <0

then the inf is attained when Vs € [¢,T],as = —1. So the value function is

o(t, ) = ~@+T-° 220 (273)
—(z—=T+1t)?* <0

which is continuous but not differentiable at 0 even under this extremely simple setting.

Example: Value Function as Convex Envelope

Consider another example where d = &k = 1,b = 0 so X; and the control «; are still 1-dimensional and

o(t,z,a) = a with f =0, g continuous and bounded from above and A = R. So now

dXt = Ot dBt (274)
J(t,,0) = E[g(X7)| X, = a] (275)

since we will be varying the time variable from ¢ to ¢t + h a little bit for h — 07 to set up a PDE for the value
function (as shown later), it’s natural to see that we would want to apply Ito formula for the value function v, so
whether v € C12 is then a problem of our concern. However, in this example, we can show that if v € C1'2, then v
is independent of time ¢ and is equal to the convex envelope ¢** of g (¢** is the double Frenchel conjugate
of g, it can be proved that it’s the convex envelope).

Now that X|x,=» = =+ fts a, dB, and note that {a,.,r € [t,s]} € o satisfies the integrability condition that
EftT a?ds < oo, it’s obvious that X,|x,—, is a MG in s for any given control o € @%. Then we find

v(t,z) = inf E{g(Xr)|X, = 2] (276)
2 inf E[g™(Xr)| X = 2] (277)
> inf g (B(Xr|X, =) (278)
= inf ¢ (a) (279)
=g (2) (280)
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by applying Jensen’s inequality, so v has to be larger than the convex envelope for Vz € R.
For the other side, if v € C12, Tto formula holds and

t+h t+h 1 tth
v(t+h, Xeyp) = v(t, X¢) + / Opv(s, Xg)ds + / 0,v(s, Xs)dXs + B / Orav(8, Xs) d{X, X)s (281)
t t t

t+h o2 t+h
=v(t, X;) + / (8,5 + 258“> v(s, X,)ds + / 0,v(s, Xs) - as dBy (282)
¢ ¢

assume that the last stochastic integral is a MG, we can find that

t+h 2
Ev(t+ h, Xeqn)| Xt = 2] = v(t,z) + E / <8t + O;s@mgC) v(s, Xs) ds’Xt = x} (283)
t
by applying the property of value function that E [v(t 4+ h, X;44)|Xe = x] — v(¢, 2) > 0 (which will be proved below),
we get that
t+h o2
Vh > 0,E / (& + ;%) v(s, Xs) ds‘Xt =z| >0 (284)
t
dividing both sides by h and take h — 0T to find
o2

Y(t,z,a) € [0,T] x R x R, (at + ;am> v(t,z) >0 (285)

by taking a; = 0 as the constant control, we find that d;v > 0, so for each fixed x € R, v is always increasing w.r.t.
time ¢. Also note that 0,,v > 0 must hold since otherwise we can always take a; to be large enough such that the

inequality above fails, so v has to be convex in x. By Fatou’s lemma and continuity of g,

YO <t<T,v(tx) < 1in%v(s,m) (286)
=l inf, E[g(Xp)|X, =] (2587)
< lim, 7B [g(X7)| X, = 2] (288)
< E [T, rg(X55)] (289)
=g(z) (290)

where X7:* denotes the solution to the SDE with initial value condition X = z. So for any fixed time ¢, v is always

a convex function dominated by g, v(t,2) < ¢**(x) by the maximality of convex envelope, and we conclude that
u(t,z) = g (2) (291)

actually has nothing to do with t.
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Remark. The inequality E [v(t + h, X¢1n)| Xt = 2] — (¢, ) > 0 we are using here is a natural property of the value
function. The meaning is that since value function is already the optimal cost among all admissible controls based on
the observation of the initial value condition Xy = x, if one adopts the control that is the optimal control at
time t in time interval [t,t + h) but follows the optimal control at time t + h in time interval [t + h,T],
then such strategy cannot be better than following the optimal control at time t in time interval [t,T].

This would be explained in a later context.

Remark. This example shows that we can easily make up a "bad” value function. Let’s pick g continuous and upper
bounded on R with the convex envelope g** being not C2, then obviously v(t,x) for this stochastic control problem
would not be CY2. For example, consider g(x) = —|x| then g** = g = v. This is a type of control problems called

singular stochastic control problem.

However, as proved in the deterministic case for HJE, when f = 0 and g is Lipschitz, we can make sure that v is
Lipschitz in « for fixed time ¢ € [0,7] and when A is bounded one can also get some estimates on |v(t,z) — v(t, 2)|.
Since Lipschitz functions are almost everywhere differentiable, this makes it possible for us to set up a PDE

for the value function. We only prove the Lipschitz property here for simplicity.

Theorem 11. (Lipschitz Value Function in ©) When f = 0 and g is Lipschitz, the value function v is Lipschitz
in x for fized time t € [0,T].

Proof. Fix time t € [0,T] and consider Vz,# € R? by the definition of value function, Ve > 0,34, v(t, %) + ¢ >
E [g(X7)| Xt = 2] with the X; as the solution to the SDE with fixed control &

o(t,x) = v(t,2) < inf Elg(Xr)|X, = 2] ~ E[g(Xr)|X, = 2] +¢ (292)
< Eg(Xp"%) — Eg(X5"%) + ¢ (293)
< Lips(g) - B| Xh™% — Xh54| 4 ¢ (294)

let’s consider h(s) = E|XL®& — XL#&| then

h(s)=E

r—7+ / [b(r, X0 &) — b(r, X025 6,)] dr + / [o(r, X% &,) — o(r, X159 &) dr (295)
t t

< |z — & 4 (Lips(b) + Lips(o)) - IE/ | X Do XD gy (296)

t
s

= |z — 2| + (Lips(b) + Lips(o)) - /t h(r)dr (297)

since we have assumed that b, 0 are both Lipschitz. By Grownwall’s inequality,

Vs e [t,T), h(s) < | — &| - =D (298)

so we conclude that v(t,z) — v(t,2) < C-h(T)+e < C' - |x — | which completes half of the proof. The other side

can be done similarly. O
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Dynamic Programming Principle (DPP)

Theorem 12. (Dynamic Programming Principle) If the value function v is continuous, then for any initial

value condition (t,x), and any stopping time T that takes values in [t, T,

v(t,z) = inf E {/T f(s, X" ag)ds +v(r, XL™) (299)

acd, '

Remark. One may find that this theorem is an analogue of the optimality condition we have mentioned above for

deterministic optimal control problem. The meaning of the theorem is that the best control a at time t can be found

by minimizing the sum of two parts: (i): the contribution of cost in time interval [t, 7] sticking to control o (ii): the

contribution of cost in time interval [1,T| sticking to the optimal control at time 7. So this theorem is showing us
the time consistency condition for the value function.

Note that the difference of this property in deterministic control and stochastic control lies in the fact that: (i):

we are taking inf of an expectation since the cost is actually random (ii): the deterministic perturbed time t + h can

be replaced by any stopping time that takes values in [t,T|, allowing us to have more freedom.

Proof. Notice that Yo € o7, v(t,z) < J(t,z,a) so let us write J(¢,z,«) in terms of the stopping time V7 € 7.1
(where 77 denotes the set of all stopping time that takes values in [t,T])

Stz = | / s, X ds + )| X = ] (300)
el < / " (s, Xua) ds + g(Xﬂ)%) X - x] (301)
_E /t F(5, Xo, 000) ds + E (/T F(s, X, 000) ds + g(XT)\yT> X - x} (302)
_E :-/tTf(s,Xs,as)ds—l—J(T,XT,a)‘Xt :x} (303)

by tower property. Now replace the J inside the condition expectation with value function v to find

J(t,z,a) > E [/T f(s, Xs,as)ds +v(r, X;)
t

X = x} (304)
and take inf on both sides w.r.t. 7 € 7 , take inf on both sides w.r.t. control o € % to find
a€dy TETL, T

v(t,z) > inf inf E {/ f(s, XE™ ag)ds +o(r, Xﬁ’m’a)} (305)
t

On the other hand, since value function is the inf of cost, Ve > 0,V7 € 7, 1, there exists c-optimal strategy
af € f, such that

(T, X;)+e > J(r, X, af) (306)
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in order to argue that the value function has some upper bound, let’s figure out the best control we are able to design
so far. Now af is nearly the best control at time 7, so we would expect to see that sticking to any current control
a € @ until stopping time 7 and switch to the nearly best control o after time 7 would be a good strategy (Note
that here we are switching to the best strategy at time 7 since the admissible control a® € 7. should satisfy
the measurability condition under the Markov setting that a® = a®(7, X;) € #, so there’s no way to know a* before

time 7). So we construct

Gs = € (307)

and
Va € d,v(t,x) < J(t,z,&) (308)
_E -/tT f(s,Xf,ds)ds—kg(X%)‘Xt le (309)
—n ([ s xz i [ 102 ) ds - o(X| .= x] (310
—E :/tTf(s,X?,as)ds—i—J(T,XT,@)‘Xt :m] (311)
<E -/tT f(s, X3 as)ds +v(r, X7)| Xy = :c} +e (312)

by first taking the sup w.r.t. 7 € 77 on both sides and then the inf on both sides w.r.t. control a € 4 to find

v(t,z) < inf sup E [/ f(s, X" ag)ds +v(r, Xﬁ’”a)} (313)
t

a€d reTy

Combining two inequalities to see the DPP

v(t,z) = inf sup E {/ f(S,X:’z’a,OLS)dS+U(7’,X7t_’a:’a):| = inf inf E {/ fls, X5 o) ds + v(r, XL™9)
¢ ¢

aEd, TET: T aEdy TETL, T
(314)
O

Remark. We have actually shown that the selection of stopping time has no impact on the value function,
so any stopping time T € T, works. This is because we are first firing the stopping time and then select a good

enough control, the inf w.r.t. control o has already taken the stopping time into consideration!
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HJBE of Stochastic Control Problem

Taking the stopping time in DPP as the trivial one 7 = t + h such that h > 0,t + h < T, one would get the
following HJBE for the stochastic control problem. Let’s denote L™ as the infinitesimal generator of the diffusion

process X; for fixed control a. Then from stochastic calculus, we know that
1
Laf('r) = b(tcha a) ! v:cf('r) + §TT (U(ta z, Oé) : O'T(t,.]j, Oé) ' Vif(l')) (315)

where b € R, o € R™™ are drift and diffusion coefficients of the dynamics, V. f is the gradient of f w.r.t. variable

x and V2 f is the Hessian of f w.r.t. variable .

Theorem 13. (HJBE of Stochastic Control Problem) Assume that v € C12([0,T] x R?) and f € C([0,T] x
R? x A) for each fized control o € &/ and assume the existence of the optimal control a* € </ . Then

V(t,z) € [0,T] x RY dpu(t, ) + 1&2 {L%(t,z) + f(t,z,a)} =0 (316)

Proof. By taking the stopping time in DPP as the trivial one 7 =t + h such that A > 0,t + h < T, we find that

t+h
v(t,x) = in; E / f(s, X0™ ag)ds + v(t + h, Xfff) (317)
aca t
apply Ito formula to see
t+h t+h
v(t + h, Xffha) = o(t, X)) + / Opv(s, XL™*) ds + / Opv(s, X)X Lo (318)
t t
1 t+h
+ i/t Oprv(s, X0T) d(X BT X BTy (319)

t+h t+h
=wv(t,z) + / (0 + L*) v(s, XL™*) ds + / pv(s, X0™) - o(s, X0 o) dBs (320)
¢ ¢

assume that the last stochastic integral is a MG, we can find that

t+h
Elv(t+ h, Xiin)| Xt = 2] = v(t,z) + E / (O + L) v(s, X&) ds‘Xt = m] (321)
t
by noticing that from DPP we have
t+h
Vo € o, v(t,z) <E / f(s, XE™ ) ds +v(t + h, Xff,’za) (322)
t

t+h
=o(t,x) + E / (O + LY v(s, X))+ f(s, X, a) ds
t

X, = x‘| (323)

dividing both sides by h and apply the intermediate value theorem for integral, we get (note that the diffusion process
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X is chosen as the version with continuous sample path and f is continuous)
Va € 4,0 < (0 + LYv(t, z) + f(t,z, @) (324)
taking inf on both sides to see
ai&f{t {0 + LYY v(t,z) + f(t,z,a)} >0 (325)

The equality directly comes from the assumption that the optimal control a* € 7 exists and can attain the inf

in the value function. As a result, the inequality in DPP becomes equality and

(0 + L Y(t, x) + f(t,z, ") =0 (326)

that’s why we get the HIBE
aiéf@ {0y + LYv(t,z) + f(t,z,)} =0 (327)
O

Remark. Now one can see why the argument we have made in the example above that B [v(t + h, X 1p)| Xe = 2] >

v(t, z) is true. This is just a simple corollary of the DPP.

Remark. For mazimization problem, just change the inf w.r.t. control in DPP into sup and DPP still holds, so the
HJBE now becomes

Y(t,z) € [0,T] x R, dyv(t, z) + sup {L(t, ) + f(t,z,0)} =0 (328)
acg
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Verification Theorem

Now that we know the value function satisfies the HIBE, and we wonder whether solving the HIBE necessarily
gives the value function. In other words, we want to see that HIBE actually characterizes the value function.
In such case, by solving the HJBE we would know the value function immediately, which is the key to the PDE
approach of solving stochastic control problems. The condition is given by the following verification theorem in the

Markovian case.

Theorem 14. (Verification Theorem for Finite Horizon Case) Let w € C*2([0,T] x RY) N C([0,T] N RY)

with growth condition
30 > 0,V(t,z) € [0,T] x R, Jw(t, )| < C(1+ ||=|*) (329)
now if

V(t,x) € [0,T] x RY, —0yw(t, z) — infyer { L(t, x) + f(t,z,0)} <0

(330)
Vo € R w(T,2) < g(z)

then w < v for value function v.
Moreover, if Vo € R, w(T,z) = g(x) and exists measurable &(t,x) : [0,T] x R* — A such that

V(t,z) € [0,T] x R, —Oww(t, ) — algfz{ {L%w(t,z) + f(t,z,a)} = —Oww(t, ) — [L&(m)w(t,x) + f(t,z,&(t,x)] =0
(331)

and &(s, Xﬁ’w’&(t’w)) € o, then w = v for value function v and & is the optimal Markovian control.

Proof. Consider applying Tto formula for w(s A 7, X55%), T € 7400 is any stopping time that takes value in [t, 00)

SAT SAT
w(s A7, X50%) = w(t,z) + / Opw(u, X5 du + / Opw(u, XE") dX Lo (332)
t t
1 SAT
+ 3 / amw(u,Xf;””’o‘) d<Xt’I’a,Xt’w’a>u (333)
t

SAT SAT
=w(t,x)+ / (0r + L)w(u, X5") du + / o(u, X5 ay) - Opw(u, X5V dB,  (334)
t t
now in order to bound the last stochastic integral term, choose the stopping time 7 as
S
T, = inf {s >t / [o(u, X552 o) - Opw(u, XE5)]? du > n} (335)
t

when the quadratic variation of the stochastic integral exceeds n we stop immediately. Such 7,, /0o (n — c0) and
it’s obvious that this series of stopping time reduces the local MG, so we conclude that now j;sm" o(u, XL a,) -

Opw(u, XH*)dB,, is a U.I. MG in s on time interval [¢,T].
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Take expectation on both sides to get rid of the stochastic integral term
SATp
Ew(s A, X559) = w(t, o) + E / (00 + LYw(u, X2™) du (336)
t
SNATp
w(t,z) — E/ flu, X552 ay,) du (337)
t
because of the inequality condition and the result we have derived above shall hold for Vo € 4. Notice that

SNATp SNATh
/ flu, X5 a,,) du S/ | f(u, X5, )| du (338)
¢ t

T
< [ 1 x0me, )] du (339)
t

which is integrable (a natural assumption) and under the integrability condition of admissible control that E fOT [|b(t, 0, c) |2+

o (t,0,a:)|[? dt < oo, we have Esup ey, 7 [|X5*||* < 00, so

Ew(s ATy, XSU) <O+ E(XL0)?) <O |1+ E ( stT] X§~W>2 < o0 (340)
selt,
by applying the growth condition on w. So now set n — oo to find that
Ew(s, XE5%) > w(t, z) / flu, X5 a,) du (341)
by dominated convergence theorem. Set s — T~ to find that
Eg(X55%) > Bw(T, X35%) > w(t,z) — / fu, X5 o) du (342)

by dominated convergence theorem again. Now take inf w.r.t. the control a € & to get
v(t,x) > w(t,x) (343)

When w(T,z) = g(x) and exists &(t, ), after removing the stochastic integral term (by similar stopping time

argument as above), we get
Ew(s, X2®%) = w(t,z) + E / (9 + LEE) ) (u, XE%) du (344)
t

— w(t,7) +E / Flu, X076 60 du (345)
t
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by the definition of &(t,x) as the control that achieves the inf in HIJBE for all pair (¢,z). By setting s — 7'~ again,
~ ~ T R
Eg(X5") = Bw(T, X5"%) = w(t,z) — E / fu, X% G, du (346)
t

by dominated convergence theorem and one might find that the terms relevant with g, f give the definition of

J(t,x,&(t, ), so we see that
J(t,z, &t z)) = w(t, ) (347)

naturally w(t, z) > v(t,x) and the theorem is proved. O

Remark. In particular, when the control space of = {ag} only contains one single admissible control, HIBE turns

mto

Opw(t,x) + Lw(t,z) + f(t,x,a0) =0

(348)
w(T,z) = g(x)

and the value function is

v(t,z) = J(t,z,a0) = E

T
/ Fls, X1, ay) ds +g<X%””’“°>] (349)
t

and the verification theorem is actually just the Feynman-Kac formula since it tells us that the C%2 solution to
such PDE is characterized by

T
w(t,z) =E l/ f(s, X2, a0)ds + g(X7°)| X[ = x] =o(t,x) (350)
t
Remark. The time we use verification theorem is typically after solving the HIBE. We check that the solution
is CY? has growth condition and check by implicit function theorem that the optimal control & that
minimizes the inf in HIBE can be written as a function of (t,x). Then verification theorem tells us that

such solution must be the value function.
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Stochastic Control Problem: PDE Approach

Now that we have described the main tools for the PDE approach to solve stochastic control problems. However,
our description is not very organized since we have made a lot of different assumptions within the discussions. Let’s

collect all non-trivial assumptions we have made so far and present a systematic way for the PDE approach.

e Assume the value function v € C*? (in order to apply Ito’s formula)
e Assume that the stochastic integral in the calculation is a true MG (in order to ignore it after taking expectation)
e Assume that the optimal control a* € o always exists (in order to turn the inequality into equality in HIBE)

e Assume that for each initial value pair (¢, z), there always exists & = &(t, «) that minimizes L*v (¢, z)+ f (¢, z, @)

(condition of verification theorem)

e Solve the HIBE to get the value function, check the conditions of the verification theorem (C'? solution,

growth condition, existence of &(t,x))

e After solving out the optimal control, check that it’s admissible, the value function is C'2, and the local MG

is actually a MG

e Note that v € C1? can also be checked by applying uniform ellipticity (lowest eigenvalue of oo” bounded
away from 0, 3C > 0,Vx,y € R, o € &7, y"o(x, )0 (z,a)y > C||y|?)

e The existence of the minimizer & = &(¢,x) can be checked through convex analysis and implicit function

theorem
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Infinite Horizon Case

The infinite horizon case is actually the same as what we have done for HJE, the deterministic optimal control
problem. For the purpose of completeness, we state it again here. The difference in formulation is the introduction
of the discount factor 5 > 0 and the fact that no terminal reward exists. The expected cost after time ¢ following

control « is
o0
J(t,z,a) =E {/ e P f(s, X1™ ay) ds] (351)
t

the introduction of discount factor is to ensure that the integral will be finite for a general class of f. However, by
changing variables u = s — ¢t and assuming that f is time-homogeneous (f(s, X/ a;) = f(XL®% ay)) one
might find that

J(t,z,a)=e¢ Pt E U e P F(X N, asta) ds} (352)
0

=e PR {/ e P (X0 ) ds} (353)
0

=e P J(0,2,0) (354)

under the Markovian setting. As a result, we remove the time variable for simplicity and consider a slightly different
definition that

J(z, @) def JO0,z,a) =E [/00 e P f(X0me ) ds] (355)
0

as a result, the value function is defined as

v(x) I inf J(z, o) (356)

acd

independent of time and the connection of this value function with the previously defined value function is that
v(z) = v(0,z) = e’ - u(t, 2) (357)

Remark. The 8 can be understood as the opposite of the continuous-time interest rate. Under the condition that
the discount factor has the formulation as e~ Pt and the fact that f is time-homogeneous, we can eliminate the time

variable in t (failure in either assumption would cause mistake in doing so).

The reason we mention the connection between the value function that only works for the special infinite horizon

case and that for the general case is that we would still be able to apply the general results to get the HJBE.

Theorem 15. (HJBE of Stochastic Control Problem in Infinite Horizon Case) Assume that v € C?(R9)
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and f € C(R? x A) for each fized control a € </ and assume the evistence of the optimal control o* € o/. Then
vz € RY, —Bu(x) + inf {L(x) + f(z, )} =0 (358)

Proof. Denote the general value function as u(t,z) so now v(z) = u(0,7) = €t - u(t,r). Since du(t,z) = —BePt.
v(x), L*u(t, x) = e~ . L (z), apply the HIBE for u(t,x) to know that

Vt >0,z € RY, —Be Pt u(x) + inf, {e7P' L*(z) + f(z,a)} =0 (359)

set t = 0 to get
vz € R, —pBu(z) + alg; {L%(x) + f(z,a)} =0 (360)
O

For the sake of completeness, let’s refer to the verification theorem in the infinite horizon case mentioned above.
The statements are a little bit different but the thought of the proof is the same.

Theorem 16. (Verification Theorem for Infinite Horizon Case) Let w € C?*(R?) with growth condition
3C > 0,Vz € R |w(z)| < C(1 + ||=]%) (361)
now if

Vo € RY Bw(x) — infae {L%w(x) + f(z,0)} <0

(362)
Ve € R Va € o limy, e PT - Bw(X%") <0
then w < v for value function v.
Moreover, if there exists measurable &(z) : R? — A such that
Va € RY, fu(x) — inf {Lw(z) + f(2,0)} = Bu(z) — [L*w(w) + f (o, a(2))] =0 (363)

and oz(XS””’d(”)) € of limp_oe AT . Ew(X%x’é‘(x)) > 0, then w = v for value function v and & is the optimal

Markovian control.

Proof. We just list the sketch of the proof here. The proof is almost the same as that for finite horizon case. Just
consider applying Ito formula for e*B(T/\T")w(X%an) with discount factor where 7, is still the stopping time that
reduces the local MG and T is any positive number, take expectation on both sides and use dominated convergence
theorem (set T'— o00) to conclude. O

Remark. The reason that two extra conditions himTﬁooe’ﬂTJEw(X%z’o‘) <0 and HT_}ooe’ﬁTﬂEw(X%x’d(x)) >0

appear is due to the difference that in infinite horizon case we don’t have the trivial bound that s A7, <T for a fized
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time limit T and we don’t have terminal costs.

In brief, besides checking that the solution to HIBE is C?, has the growth condition and the existence
of &(x), we also have to check other two mild conditions on the tail growth rate of the expectation of
the solution compared to the discount factor. When the admissible control space o/ = {ag}, note again that

verification theorem is just the Feynman-Kac formula.

Remark. For mazximization problems, in the finite horizon case still check the same conditions while in the infinite

horizon case, the two extra conditions become

g oo™ - Ew(X2™7) > 0, limy, e~ - Euw(X2"4®) < 0 (364)
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Example: Merton Problem with Consumption

Let’s consider the Merton problem in infinite time horizon ¢ € [0, 00). Now we have one riskless asset (say, bond)

with price P? and one risky asset (say, stock) with price P} at time ¢ following the dynamics

dP? = PP dt

Py =1

(365)
dP} = P} - (ndt + o dBy)
PO1 =p

with r, u, o as constants and r < p (nontrivial case). Now one would always invest «a; of his total wealth into the
stock at time ¢ and ¢; as consumption rate (integrates to the amount of consumption), investing all remaining wealth
into the bond. Denote X; as his total wealth at time ¢, one would find that if one sticks to (ay,¢;) from time ¢ to

time ¢ + h for h — 07, an infinitesimal time increment, one would get

P} .
Xogn = X, - ]tjlh + (Xy — cth — ay X,) - e™ (366)
t

wealth at time ¢ + h (the consumption amount is c¢;h since the length of the time interval is h). Now write it as a
SDE for X; to get

dP}

dXt = atXt?f + (1 - Oét)’l"Xt dt — Ct dt (367)
t
and plug in the SDE for stock price to get
dXt = OétXt(M dt + O'dBt) + (1 — Oét)TXt dt — C¢ dt (368)
dXt = (Xt[Oét/l+7’(1 — O[t>] 7Ct) dt+OLtO'Xt dBt (369)

As a result, the control is a pair (ay, ¢;) € & for A = R x [0,00) (allow the shorting of stocks) and the admissible
set is @ = {(au, )1 (0,00) = At [[7 ow|? + cpdt < 00 a.s., (g, ¢r) = (au(t, Xy), ci(t, X;))} under the Markovian
setting. The integrability condition ensures that the SDE for X; has unique strong solution. Now our goal is to

maximize the expected utility that depends on the consumption rate with given discount factor 5 > 0

E [ /O T e (e) dt} (370)

for the CRRA (constant relative risk aversion) utility function U(z) = ””;:J (v € (0,1)), so the value function is
formed as
v(r)= sup E {/ e PU(¢y) dt‘Xo = x} (371)
(a,c)edd 0
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since we are in the infinite horizon case and the utility function is time-homogeneous.

By previous proved theorem, the HIBE is now

—Po(x) + sup {L%(z)+ f(z,a,¢)} =0 (372)
(a,c)ead

plug in the expressions to find

Lo(z) = (zlop 4+ r(1 — a)] — ¢) - v/ (x) + L2y (g
(z) = (@lop+r(l —a)] —c) - v'(z) + *5 (z) (373)
fla,a,¢) =U(c)
so the HIBE is given by
a?o?x?
—fv+ sup { "+ [z(ap+7r —ar) — ] -v'+U(c)} =0 (374)
(a,c)edd 2

To solve this HIBE, of course let’s first get rid of the sup by solving an optimization problem w.r.t. («,c) that

a?o?2? ,
max Q(z,q,c¢) = 5V + [zlap+r—ar)—c-v +Ulc) (375)
and compute the partials
0Q _ ’ / 2,2 .11
o = TPV — TV’ + 0t av
376
99 _y'(e) = (376)
dc
to solve out the optimal a*, c¢* as the function of v'v”
o = (T;u)g’
o“Tv § (377)
¢ = (U)0) = (@)
and plug once again back into the HJBE to get the ODE
(n—1)*(v)? g a1
rov’ — PO po + T 7(v/) v =0 (378)
We try the ansatz that v(z) = kU(z) = lizll__,: to get
_ _ 201 -
o — B—r(l—17) _ (p—r)*(1—1) (379)
0% 202~2

56



Stochastic Control notes written by Haosheng Zhou CONTENTS

so now the optimal control is given by

o = r=mwo' _per
o2zv’/ yo2 (380)
= U)(W) = (v/)—% _ (ﬂ—r(’yl—’Y) _ (M—;o)jfylz—’Y)> .z

the optimal choice is to always consume and invest in risky asset a fixed proportion of total wealth.

Verification of Merton Problem with Consumption

Now the calculation part comes to an end but there’s still some verification to do. As stated above, the first

thing to do is to verify the condition of the verification theorem. Now the solution we have found is

(381)

so it’s in C?(R), satisfies the growth condition, a* = a*(z),c* = c¢*(z) exist and are well-defined, the condition
limp_oe PT -EU(X%I’(Q’C)) > 0 is satisfied due to non-negativity. Consider the SDE

dX; = (Xelajp+r(l —of)] = ¢f) dt + ajo Xy dB;

(382)
XO =X

then it’s easy to see that this is a geometric BM (by denoting ¢* = vz, so ¢; = vX}), so the solution exists and is

unique

* * o2 (a*)? *
a*p+r(l—a )7117# T+a*cBr

Xl e (383)
some calculations show
T * ¥ s\ 1=
Fo (X%"L’(a c )) _ : K E (X%z,(a ,c )) (384)
-
I—y *utr(l—a™ —V—M 1— T—&-MT
_ f’y.e[a; r(l—a*) 3 }( 7) 3 (385)
1—v _ (p=r)2 r—8
= KT L et (386)
-
(387)
SO
* ok 1— 1— (M—T)2+7‘;ﬁ _8\T
limg, ™" B (X%%(a - )> - Hlx— v 'mqu&(( W)[2”2”2 K ] ) (388)
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in order to make sure that this expression is non-positive in order to make the verification theorem true, we have to

2
assume that 8 > (1 — ) [(2“ ,;22)2 + T,_YB } and all previous calculations are correct under this assumption and the
solution to the HJBE must be the value function. Of course one can still check the admissibility of optimal control

and that the stochastic integral is actually a MG but since it’s trivial we neglect the procedure.
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Example: Production-Consumption Model

Consider the infinite horizon model for a firm with capital value K}, invvestment rate I; and stock price S; per

unit of capital at time ¢. Assume that within the time interval [¢t,¢ + h] (h — 07) the firm maintains its investment

rate I}, so

Kin = K, S;ft b4 oh, (389)
this gives the following SDE that

dK, = th?stt + I dt (390)

Now the debt amount L; of the firm is affected by the interest rate r, the consumption rate C; and the

productivity rate P, of capital. Consider an infinitesimal time increment h — 0T to get

K

Lt+h = Lt -eTh—|—th+hIt - (Pt+h —Pt)? (391)
t
described by the following SDE that
K
dLy =rLydt + (Cy + 1) dt — 5 dP, (392)
t

The dynamics of stock price S; and productivity rate of capital P; are known by

a5 _ pdt + oy dB} (393)
Sy
dP, = bdt + 02 dB} (394)

where B, = (B}, B?) is 2-dimensional BM. For the convenience of notation, set Y; = log S; and apply Ito formula to

see
g % 1
dYy = p— 5 dt + o1 dB; (395)
we will use the dynamic of Y; instead of Sy in the following context. The firm has net value

X, =K, — L (396)

and we want to select the control variables k; = %, ct = %, the percentage of net value to invest and consume
such that the net value of the company is maximized.

Since X;,Y; are observable states, we want to get the SDE system that describes the evolution of the states
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under the control variables

dXt = Xt[k:t(,u -7+ bein) +7r— Ct] dt + O'lktXt dBtl + O'thXteiyt ClBt2

) (397)
av, = (u— %) dt + o1 B}

note that this system contains only process X;,Y; except the control variables. Note that we can replace L; by
Ly = K; — X; = (k; — 1) X;. For infinite horizon problems, we always need a discount factor 8 > 0 and we still select
the CRRA utility function U(z) = ””11__,:

now the expected utility following control k, ¢ on observing state x,y is

~v € (0,1) that turns the consumption rate Cy = ¢;X; into the utility. So

(oo}
J(x,y,k,c) =E U e P (e X0k dt (398)
0

where X["*¥"F¢ denotes process X; as the solution to the SDE system above with initial value condition Xy = z, Yy =
y. Note that the value of Y; affects the dynamics of X;, that’s why we have to include y in the superscript. On
the other hand, since the dynamics of Y; does not depend on X, Yto’y’k’C is enough for notation purpose.

For the admissible set of control, we still accept the Markovian setting with integrability conditions
T 00
Y(k,c) € & NT > 0,/ k2 4+ cldt < oo a.s., B [/ e P (e X0 ke) dt} < 00, kg, e >0 (399)
0 0

so the value function is formed as

v(z,y)= sup E {/ e_'@tU(cth’w’y’k’c)dt} (400)
(k,c)eadt 0

Let’s then write out the HIJBE of the value function

—Bv(z,y) + sup {L(k’c)v(x,y) + U(cx)} =0 (401)
(k,c)est
with infinitesimal generator as
1
L(k’c)v(x,y) = Cprift - VU + §tr(C’DifngiffV2v) (402)

where Cpyift is the drift coefficient and Cp;s¢ is the diffusion coefficient. In this case, Cpyift € R?, Cpifs € R?*?

and
E(p—r+be¥)+r—
Cprifi = [x[ (=rbeb)+r 6]1 (403)
n-
k kxe Y
Cpify = lal vooane 1 (404)
g1 0
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so by doing some calculations, we figure out that

2
LEDy(z,y) = x[k(p —r+be ™) +7 — ] - Qpv(z, y) + (N - 021) - Oyv(z,y) (405)
2122 212 2 -2 2
orka” + ;2k re 7. Opxv(2,y) + 07k - Opyuv(,y) + % “Oyyv(7,y) (406)

so the HJBE is written in the simpler form with the sup w.r.t. k£ and ¢ torn apart

2

2
B-v— (u - 021) - Oyv —rx - Opv — % - Oyyv — sup{U(cx) — cx - Oyv} (407)
c>0

o2k22? + o3k*x2e~ %Y
2

— sup {xk(u —r+be™Y) - 0v+

- Opev + ok - amyv} =0 (408)
k>0

Note that the SDE for X; has the form that %Xt does not contain X; any longer, so if Y; is known this is just

Xt
Z(k

a Black-Scholes model and we would expect to see the solution as X™¥"™°

c .
=x-e #:¢) for some function

Z. That’s why we say that v(z,y) = 2177v(1,y) from the expression of the value function and the CRRA utility

function. As a result, we try the ansatz v(z,y) = 111_:: e®W). Now let’s first get rid of the sup in the HJBE
max U (cz) — cx - Oyv (409)
1
¢ = (6&))7% - = (410)
x

o3k*x? + o3k*xe=%

max xk(p—r+be™Y) - 0,v + 5 - gV + Tk - Oy (411)
02z - Opyv + x(p — 1+ be V) - Opv
k* = 0, ————~ . 412
e e (412)
and plug in our ansatz to know
% _ oW
cTe (413)
. _ oie’ (y)+pu—rtbe”?
b = max {0, L |
the next step is to solve ¢(y). HIBE now becomes
a2\ T e " 1—y ,—#(y)
B (n=% ) ¢/ (=) = FU W) + 6" ()] —sup {7 W —e(1 ) | (414)
vk ,
— (= sup {07 a2/ ) — T ) ) =0 (415)

it’s hard to solve this ODE for ¢(y), but we can argue that this ODE has unique C? bounded solution ¢(y) for

large enough [ and the following analysis will be conducted without knowing the form of ¢(y).
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Verification of Production-Consumption Model

Now let’s prove that verification theorem holds for this problem so the solution to HIJBE is exactly the value
function. However, the difficulty is that we have to conduct analysis without knowing the form of ¢(y). Firstly,
the solution v(x,y) = “f_—_;e‘i’(y) is C? since ¢ € C%. We have derived the optimal control c*, k* and they are well-
defined functions for each fixed pair (z,y) and the condition Timy_see?T - BEu(X%7VHFC y2¥ke) > 0 is naturally
satisfied due to non-negativity of v on RT x R. Now it’s also obvious that the growth condition is satisfies since v is
of order 2'~7 in = and bounded in y. The only conditions to verify are lim,_, e 57 'EU(X%I’y’k*’C* , qu’y’k*’c*) <0
and the admissibility.

Note that the optimal control is given by

B 76 51
a=c (416)
2 Crape— Yt
R
only has something to do with the observation of Y;, so it satisfies the measurability condition and
T
VT > 07/ (k7)) + (c})?dt < ¢ a.s. (417)
0
on the other hand, notice that if y is the critical point of ¢, then ¢”(y) = 0 so
0-% / O—% ’ 2 1—v ,—¢(y)
= (n=%) ¢ —r =) = G P s {e7e W —c(1 - )} (418)
—y 2,7 vk? 2 —2y 2
— (1= )sup Lkl = b ot () = (o + e o) | = 0 (419)
C’_% of 2 1
5= (n=F) ¢ -l =) - FWWPE -sup {e e — o1 =)} >0 (420)
c>0
U% / O'% / 2 - d(y)
- (n-2) 0w —r(1 =) - D WP - (1 -0 20 (121)

we have proved that ¢’ is also bounded, so now c;, ki, kfe~Y* are all bounded. Let’s look back at the dynamics of
Xt that

dx
Tt = [ki(p — 1 4+ be™ ") +r — ¢)] dt + o1ky dB} + o9k dB? (422)
t

all coefficients are bounded, so the expectation of X; given optimal control must be dominated by the expectation

of some geometric BM (if all coefficients are constant, this is just BS model), i.e.

M >0,V > 0, E(XO00E )2 < g2 Mt (423)
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the result is that

IE[ / e‘BtU(ctXf’m’y’k*’c*)dt] <C- / e‘ﬁt~E[(Xf’I’y’k*’c*)2 dt (424)
0 0

oo

SCmQ-/ eM=Plt gt < oo (if B> M) (425)
0

we have proved that the optimal control also satisfies the integrability conditions, so k*, ¢* are admissible optimal

controls for large enough f.

Let’s consider the last condition

limg e T Eo(X250R < y ook ey < ¢ limg , e T - E[ X0 R 1= (426)
< C-limg, e PT E[X0YHR )2 (427)
< Cz? - limy,  eM=AT (428)
=0 (if B> M) (429)

To conclude, when f is large enough (larger than a fixed constant M that appears in the exponential of the
expectation of a geometric BM that dominates IE(X? @Ykt )?), the verification theorem holds and the production-

consumption model is solved, with ¢f = ¢} (Y:), ki = kf (Y:) as optimal Markovian controls.

Remark. In this example, we will have to put up an ansatz, use ODE techniques to prove the property of the solution
without solving the ODE, and prove that the conditions of verification theorem hold with some tricks. This is the
general frame of the PDE approach to stochastic control problem, where we cannot solve out the optimal control and
the HIJBE directly.
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Backward Stochastic Differential Equation (BSDE)

In order to introduce the BSDE approach to stochastic control problems, let’s first start by introducing some
notations and restating the existence and uniqueness of the strong solution to SDE.
Let H%* denote the collection of all progressively measurable process that takes values in R, the Hilbert space

the solutions are living in is denoted as
T
H>F = { Z € HOF :IE/ |1Z4]|*ds < oo (430)
0

where the time horizon is always finite in [0,7] for a large enough fixed constant 7. Our interest lies in
the strong solution to the SDE that looks like

dXt = b(t7 Xt) dt + 0'(t7 Xt) dBt (431)

where Xy, b(t, X;) takes values in R? and o(, X;) takes values in R¥*™ with B; = (B}, ..., B/*) as an m-dimensional
BM. By mentioning the strong solution, we define that X; is a strong solution if (i): it satisfies the SDE above

(ii): it also satisfies the integrability condition that
T
/ 11b(t, X[ + [|o (8, X2) |2 de < o0 a.s. (432)
0

Existence and Uniqueness of Strong Solution

In the stochastic calculus notes we have proved the existence and uniqueness of the strong solution to such SDE
under growth condition and Lipschitz condition with the Picard iteration technique. However, here we apply some
different assumptions and also derive some moment estimates on the solution with some difference techniques. In
the following context, it’s always assumed that Vz € R {o(t, 2) e € L2([0,TY), {o(t,2) e € L2([0,T7)

and b,o are both Lipschitz in variable x.

Theorem 17. (Existence and Uniqueness of Strong Solution) Assume that Xy € L? is independent of the
BM B, and b, o satisfies the assumptions above, then there exists a unique solution of SDE in H*? such that for
some constant C' = C(T, Lips(b), Lips(o)) > 0,

E sup || X¢]* <C(1+ IEHXOHQ)eCT (433)
te[0,7)

Proof. Instead of constructing the Picard iteration sequence, let’s form the solution to the SDE as a fixed point and

apply the contraction mapping theorem. Set the mapping U : H>? — H? as
t t
U(X): = Xo —|—/ b(s, Xs)ds +/ o(s,Xs)dBs (434)
0 0
so X; is the solution to the SDE if and only if X = U(X), i.e. X is the fixed point of U. Now we only have to
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prove that U is a contraction mapping under the Hilbert space norm induced by the inner product (X,Y )yz.a =
E [ X, Yidt (VX,Y € H>%).
However, the first problem we have to face is that we don’t know if U(X) is necessarily in H?9, so we have to

estimate ||U(X)][2.

T
IV = [ 0P (435)
T T t T t
< 3/ E|[ Xo|[2 dt + 3]E/ I / b(s, Xo) ds|| dt + 3]E/ I / o (s, Xs) dB||? dt (436)
0 0 0 0 0
the first term is obviously finite since Xy € L2. To estimate the other two terms, we have to use the Lipschitz property

in the way that ‘Hb(t’l“)ll - ||b(t’0)||‘ < [Ib(t, ) = b(¢, 0)| < Lips(b) - [[|| so [|b(¢, 2)[|* < C(1+|[b(t, 0)[|* + [|]|?) for
some constant C' = C(T', Lips(b), Lips(o)) > 0 and the same argument holds for o. That’s why we have

/ ||/ b(s, X.) ds\|2dt<IE/ ||bsX)\|2dsdt (437)
0
SCT-]E/ /(1+||b(s70)\|2+||Xs|\2)dsdt (438)
0 0
T
<cr? [ (1 s, 0l + BILX ) ds (439)
0
<CoT?- <1+ [16(-,0)|]> + sup E|Xs||2> (440)
s€[0,T]

by Cauchy inequality and ||b(-,0)||> < oo since Vo € R?, {b(t, ) }bepo, € L?([0,T)). Similarly, for the third term,

/ |\/ (5,X,)dB,|[*dt <T-E sup ||/ (5, X,) dB,||? (441)

tGOT]
<AT-E|| (s, X,) dBg||? (442)

0

T
§4T-IE/ l|o(s, X,)||* ds (443)

0
<40T? . <1+||0( 0)[|> + sup E|X, ||2> (444)

s€[0,T]

by Doob’s LP inequality. Since X € H?¢, SUP¢o,7] E||X,||? < co and it’s proved that the image of U is still in H?<.
To prove the contraction mapping property, let’s first introduce another norm on H> as

T
IX|2 =E / e X, 2 dt (o > 0) (445)
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which is actually equivalent to the original norm (when oo = 0). Under this norm, consider
T
UX)-U)Ila = ]E/O e MU(X)s = U(Y)||* dt (446)
T
:/ e MEU(X): — UY)||? dt (447)
0

T t t
gz/ ot . {m/ b(s,Xs)—b(s,Ys)ds||2+E||/ U(S,Xs)—o(s,Ys)dBSHQ] Qi (448)
0 0 0

T t t
gz/ e-at. {tl@/ |\b(s,XS)—b(s,Y;)||2ds+E/ ||a(s,Xs)—o(s,Ys)||2ds] gt (449)
0 0 0
T t
<c e—at./ E||X, — V|2 ds dt (450)
0 0
T T
:c/ IE\|X57YS||2~/ e~ dtds (451)
0 s
<Yx-vpe (452)
(0%
C

so if a is large enough, = < 1 for some constant C' that only depends on T, Lips(b), Lips(c), the mapping U is
a strict contraction mapping (since for any « > 0, the norms are equivalent). This proved the existence and the
uniqueness of the solution immediately by contraction mapping theorem.

For the moment estimate of the solution,

Ve [0,TLE sup ||X.|2 = E sup \|Xo+/ b(r,XT.)dr—s-/ o(r, X,) dBy |2 (453)
s€[0,t] s€0,t] 0 0
< 3E||Xo|[* + 3E sup || [ b(r,X,)dr||*+3E sup || [ o(r,X,)dB,|[ (454)
s€0,t] 0 s€0,t] 0
t t
§3E||X0||2+3t-]E/ \|b(r7Xr)\|2dr+12/ E||o(r, X,)||? dr (455)
0 0
t
<C- 1+E|\Xo|\2+/ E sup ||X,|[*dr (456)
0 pe(0,r]

with Doob’s L? inequality applied once more. Now notice that by denoting f(t) = Esup,c(o , || Xs||?, we have that
fie)y <cC- (1 + E||Xo|]? + fg f(r) dr), Grownwall’s inequality proves the conclusion that

vt € [0,T],E sup ||X][> < C(1+E[|Xo|[*)e” (457)
s€0,t]

O

Remark. From the uniqueness argument in the contraction mapping theorem, if two processes X,Y; are both solu-
tions to the same SDE, then ||X; — Yi||gz.a = 0, so Xy = Y a.a.(t,w) € [0,00) x Q, this is a little bit weaker than

the uniqueness in the sense of modification.
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Remark. The norm equivalency argument is a useful trick for finite time-horizon processes. It’s not hard to verify

that || - || is actually a norm on H*? and that
e T X ff.a < N1XI2 < 11X |[fr2.0 (458)

however, the freedom in choosing o ensures that there exists a contraction mapping with the contraction coefficient
c

= < 1.

(o7
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Settings of BSDE

BSDE is a special kind of SDE for which the terminal condition is given as a certain random variable so the
evolution shall actually proceed backwardly. The BSDE consists of a driver (coefficient) ¥ : [0, T x Q x RP xRP™ —
RP such that V(y, z) € RP x RP™ {U(¢,y, Z)}te[&T] is & measurable for the sigma field &2 on [0, T] x 2 generated by
{Z:}1e(0,) measurable bounded process. The filtration {.#;},c(, 7y is that of the m-dimensional BM B; by default.
The BSDE also has a known terminal condition ¢ € L?. The BSDE for Y;, Z; is always formed as

_d}/t = \I/(ta Yta Zt) dt — Zt dBt

(459)
Yr=¢
and is denoted BSDE(Y,§).
The solution to such BSDE is defined as a pair of process (Y, Z) such that it satisfies the BSDE
T T
Y, =§+/ \I!(s,Ys,Zs)ds—/ 7. dB, (460)
t t
with some regularity conditions that
Y € §*P, Z € H*P™ (461)
where H?P™ stands for the Hilbert space of process taking values in RP™ defined above and
S*P =Y cH*? :E sup ||V;||* < > (462)
t€[0,T]

Remark. Let’s briefly talk about the motivation of BSDE. One might be confused with the reason why there is a
pair of processes appearing in the BSDE instead of a single process which is the case for forward SDE. Actually, the
motivation comes from the generalization of the Feynman-Kac formula.

Recall that the Feynman-Kac formula provides the probabilistic characterization of the solution to the PDE.

However, the most general case to deal with is the linear parabolic PDE that looks like
Ou+ Lu+ fu+g=0 (463)

for some nice enough f,g, the infinitesimal generator L and a given terminal condition (note that Feynman-Kac
formula deals with a PDE with given terminal condition,).

Now we hope to find the probabilistic characterization for the solution to semilinear parabolic PDE that looks
like

Owu+ Lu + U(t,x,u,0pu) =0 (464)
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and we hope to connect the solution u (assume it exists) with the Ito diffusion X; generated by the dynamics

whose infinitesimal generator is exactly L and has a given initial value condition. Recall how we connect solution to
PDE with diffusion, we shall perturb the initial value condition of the diffusion and derive a PDE. That’s why we
first assume that X%® denotes the Ito diffusion generated by given initial condition X; = x and Y* = u(s, X17®).

By Ito formula,
t+h t+h
u(t + h, Xffh) =u(t,z) + / (0 + L)u(s, XL") ds + / Opu(s, XE™)o (XE™) dBs (466)
t t

so the dynamics of Y is

= —\I/(t, Xt, ’UJ(t, Xt), 8xu(t, Xt)) dt + amu(t, Xt)U'(Xt) dBt (468)

As a result, if we slightly modify the components of U into W (t, Xy, u(t, X¢), Ozu(t, X¢)o(Xy)), i.e. such U =
U(t,x,u, Opu-o(x)) depends on Oyu in the way that it only depends on the product Oyu - o(x). Then by setting

Y, = u(taXt)
Zt = 6xu(t, Xt)O'(Xt)

(469)

we see the form of the BSDE that
dYy = -V (t,X:,Yy, Zy) dt + Z; dBy (470)

which explains why the BSDE we consider has such a form. We will see exactly this form again in the following

nonlinear Feynman-Kac formula.
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Existence and Uniqueness of the Solution to BSDE

Now let’s assume that U(t,y,z) is Lipschitz in (y,2) and {¥(2,0,0)},c/0 7 € H??, and these assumptions

suffice to ensure the existence and uniqueness of the solution to BSDE by a similar fixed point argument.

Theorem 18. (Existence and Uniqueness of Solution to BSDE) Under the assumption above, the BSDE

_di/t = \Ij(t7 )/;57 Zt) dt — Zt dBt

(471)
Yr=¢
has unique solution.
Proof. Define the operator U : S x H2P™ — §P x H>P™ such that it maps (Y, Z) to (Y, Z) in a way that
Y: =§—|—/ U(s,Ys, Zs)ds —/ ZsdBs (472)
t t
note that this construction provides Y, Z simultaneously. Consider the L2 MG
T
M, =E g+/ \If(s,m,zs)ds’ﬂt (473)
0
and apply the MG representation theorem to find that there exists unique Z € H2P™ such that
t ~
M, = My + / 7. dB, (474)
0
as a result, set
- T t
Y, =E 5+/ @(s,y;,zs)ds‘ﬁt] = M, —/ U(s, Y, Zy) ds (475)
t 0
to find that Y = ¢ and
dY; = dM, — U(t,Y;, Z,) dt = Z, dB, — U(t, Yy, Z;) dt (476)

so the mapping U is well-defined. The fixed point of U is just the solution to the BSDE. Before verifying the
contraction mapping property, let’s first verify that the image of U is in the space S*P x H?P™. Note that by MG
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representation theorem, we have already proved that Z € H2P™ so we shall estimate the moment of ¥

i T T
E sup [|[Vi|> < C|E[|¢]]? +E sup ||/ (s, Yy, Zo)ds||> +E sup || [ Z,dB,|? (477)
te[0,T] i t€[0,T t te[0,T] t
[ T T _ t
<C E\|g\|2+T-E/ ||\Il(s,YS,ZS)||2ds+]E||/ ZsdB||* +E sup ||/ ZdBs||? (478)
i 0 0 te[0,7] 0

T T T T

<c E\I£\|2+IE/ ||\If<s7o,o>||2ds+E/ ||Ys||2ds+JE/ ||ZS|\2ds+E/ |zs|2ds] (479)
0 0 0 0

< (480)

by Doob’s L? inequality, Ito’s isometry and the Lipschitz assumption for some constant C = C(T, Lips(¥)) > 0. As
a result, Y € S2? and we only need to verify the contraction mapping property.

Recall the trick applied in previous proof for forward SDE that we have introduced a family of equivalent norms
with the freedom to choose the parameter in the norm in order to ensure that the contraction coefficient is always

strictly less than 1. Apply the same trick here to define the norm
T
|02 =B [ et (I + |12 e (481)

and notice that this family of norm is equivalent for o > 0 and when o = 0 we get the canonical norm on the product
of two Hilbert spaces H*? x H*P™. Eventually we can see that V(Y!, Z1), (Y2, Z%) € H?P x HZP™

2¢2(T + 1
etz - v, 22| < 22T

IV Z4 = (V2,222 (482)
so we can take a to be large enough such that @ < 1 and the theorem is proved (calculations are ommitted
here). O

Remark. The Burkholder-Davis-Gundy (BDG) inequality is an important tool in continuous-time stochastic
analysis. It asserts that for Vp > 0, any continuous local MG M with My = 0 and any stopping time T, there always
exists ¢ = ¢(p),C = C(p) such that

c-E(M,M)? <E sup |M[P < C-E(M,M)2 (483)
o<t<r

it enables us to deal with the expectation of the sup of stochastic integral since the expectation of the quadratic
variation of stochastic integral is always easy to deal with. One will have to use BDG inequality in the calculations

above to get rid of a local MG after taking expectation.
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Example: Trivial Driver

Let’s consider the trivial case where ¥ = 0 so dY; = Z; dB;. In other words, the stochastic integral of Z w.r.t.
BM gives Y and now we are given the terminal value of Y. This makes us recall the MG representation theorem
since Z very much looks like the process whose stochastic intergal generates the MG.

Consider the L? MG

M, = E(¢|.7) (484)

so MG representation theorem concludes that there exists unique Z € H*P™ such that M, = My + fot ZsdBs =
E¢ + fot ZsdB,. Now set

Y, =M, (485)

to see that Yr = &,dY; = dM; = Z; dBy, so (Y, Z) is the solution pair. The existence and uniqueness of the solution
guarantees that this is the only solution to such BSDE.

Remark. This BSDE dY; = Z; dB; makes no sense when an initial value condition is given, let’s say, Yo = 0 since

we immediately know that

i
Y, = / Z, dB, (486)
0

and there are infinitely many solutions. For each selection of Z there always exists a Y such that this SDE holds. This
example illustrates the difference between forward SDE and BSDE. BSDE is always related to MG representation

theorem since the solution is a pair of processes and one of them often has to be fized first by MG representation.

Example: Linear BSDE

The majority of BSDEs cannot be solved. However, we can consider a special type of BSDE where the driver

is linear in y, z. We write the linear BSDE in the following form

—dY; = (PY: + Qi - Zy + Ry) dt — Z; dBy
Yr=¢

(487)

assuming p = 1 so this BSDE is in 1-dimension with P; € R, Q; € R™ bounded. It’s easy to verify that such BSDE

satisfies the conditions listed in the theorem above so it has unique solution.

Theorem 19. (Solution to Linear BSDE) The solution to linear BSDE is given by

T
I,Y; = E |Tpé + / IR, ds‘ﬂt (488)
t
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where I' is the adjoint process given by

dFt = Ft(Pt dt + Qt dBt)
T'p=1

(489)

Proof. Since we already have existence and uniqueness of the solution, just need to construct the appropriate Z; and
show that the Y; given makes (Y, Z) a solution pair.

Notice that 't Y = £T'r so the terminal condition satisfies. By Ito formula, —dY; = (PY; + Q- Z: + Ry) dt —
Z; dBy holds if and only if

dI'Y;) =T dY, + Y, dl'y + d(Y,T'), (490)
t t

Y, Yy = _/ I'sReds + / Fs(Zs + YSQS) dB; (492)
0 0

to notice that the stochastic integral is actually a MG we shall calculate

. . T
E</nwﬁymawﬁ/n@ﬁn@m&>E/Iﬂ&+n@wm<m (493)
0 0 T 0

since () is bounded, E sup;eo,7) I'? < oo (since P, Q; are both bounded) and that Y € §*»!, Z € H>™. By BDG
inequality, this tells us that

1
2

T
E sup <C-E / F§||ZS+Y5QS||2d31 < o0 (494)
0

t
/fua+m@ma
te[0,7] |Jo

for some constant independent of 7'. The stochastic integral is a U.I. MG (the sup of local MG is integrable, satisfies
the dominated condition). As a result, U.I. MG has to be closed

t T T
'Y, + / I'sRsds =E |I'rYr + / I'sRgds I'ré +/ I'sRsds
0 0 0

y] 5

34}] (495)
To let the BSDE hold for such Y, we only need to choose an appropriate Z € H?™ such that

t
Yot [ Tu(Zo+Y.Q)dB. ~E
0

T
Tré + / rsdes‘,%] (496)
0

whose existence is guaranteed by the MG representation theorem! O
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Comparison Principles

Although general BSDE is very hard to solve, a comparison principle enables us to describe the property of the

solution to BSDE without explicitly solving it. The comparison principle focuses on the comparison of the driver

and the terminal conditions with few restrictions to apply.

Theorem 20. (Comparison Principles of BSDE) (V! 1), (U2 €2) are two sets of drivers and terminal con-
ditions for a BSDE with (Y1, Z'),(Y?% Z?) as corresponding solution pairs. If now BSDE(¥2, £2) satisfies the

existence and uniqueness condition for the solution and &+ < €2 a.s., Wi(t, Y.}, Z}) < O2(t, Y}, Z}) a.a.(t,w) and

U2(t, Y}, Z}) € H?P, then
a.s. Yt € [0,T), V! <Y?

In particular, if Y <Yy, then a.s. Vt € [0,T), Y} = Y2
Proof. Only prove for p = 1. Consider the difference (P,Q) = (Y2 — Y1, Z2 — Z1), it satisfies
—dP, = [~ Y}, Z}) + O(t, Y, Z7) dt — Qi dB
Pp=¢-¢
rewrite the BSDE as a linear BSDE for (P, Q)
—dP, = [-U'(t, Y, Z})) + VP (t, Y2, Z2)) dt — Qi dB,
= ([1112(1‘;7 Y;tl’ Zt1> - \Ill(t7 }/tl’ Ztl)] + [\112(:% Y?? ZtZ) - \112(3/7 5/;517 th)]
+ W2y, Y, Z7) - WAy, Y, 2))]) dt - QudBy

\112(:1/7Y2’Z2) — \IJZ(va1722)
= ([\1’2(t7y;51a Ztl) - \Ill(tv}/tlaztl)] + : }%2 — )/;1 L ! HYf;ﬁYtht

+ \112(y7Y;,1a Zt2) — \Ilz(ya}/tlvztl)
72— 7]

L7247 Qt) dt — QudBy
let’s denote the coefficients as

oy = ‘1’2(7571/;51’ Ztl) - \Ill(t)Yt17Zt1)

Bf — ‘Ilz(y’YtQ:Zfz)f‘I}?(%YtlthQ)HYz#Yl

’ Yi-Y, 7
_ w2 -V (y,Y) Z})

M= Z2-7] Izz22:

to find that 3, v; are both bounded since W2(¢,y, ) is Lipschitz in (y, z) and that a; € H*! so

—dP, = [Bi Py + 7Q¢ + o] dt — Q dB,
Pr=¢-¢

74

(497)

(498)

(499)
(500)

(501)

(502)

(503)

(504)

(505)



Stochastic Control notes written by Haosheng Zhou CONTENTS

is now a linear BSDE. By the previous theorem, the unique solution should be given by

T
P =E [FT(€2 _ 51) —|—/ Tsap ds‘ftl (506)
t
where I'; is the adjoint process such that

dI‘t = Ft(ﬁt dt—f—’}/t dBt)
Ty=1

(507)

since f;,~; are both bounded, I'; is strictly positive and the condition tells us that almost surely £2 — &1, a; are both
non-negative. As a result, we conclude that almost surely P; has to be non-negative, which proves the theorem.
Moreover, when Y& < Y, Py <0 so Py = 0, which tells us that

E
0

T
(€2 f§1)+/ Tsaq ds] =0 (508)

soas. & —¢=0,vte[0,T),, =0and ¥Vt € [0,7],P, =0,Y,! = Y2, O

Remark. Note that the comparison principle is just an application of the solution to linear BSDE. The interesting
point is that there’s no requirement on the regularity of (V!,¢'). As a corollary, if IP(§1 < 52) > 0 or
Ul < U? on a positive measure set under dt x dP, then Y < Y3 gives a strict inequality for the initial

values of Y.

Example

By taking W' = 0,¢! = 0, it’s obvious that the solution to BSDE(W!, £1) is trivial V! = 0, Z} = 0.
Apply the comparison principle to find out that if €2 > ¢! =0 a.s., ¥2(¢,0,0) > U1(¢,0,0) = 0 a.a.(t,w), then

a.s. Vt€[0,T), Y2 >Y!' =0 (509)

telling us that if a BSDE has terminal condition almost surely non-negative and driver non-negative for
almost all time and at (y,z) = (0,0), then the solution must be non-negative. In particular, if P (£ > 0) > 0
or ¥2(¢,0,0) > 0 a.a.(t,w) then Yy > 0.
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Stochastic Control Problem, BSDE Approach

BSDE and Value Function

Let’s first consider the connection between the solution to BSDE and the value function. In stochastic control
problems, the dynamics will be determined by a control parameter « so let’s first consider the optimization of a
family of BSDE. In the following context, the sup and inf taken for random variables are naturally specified as
essential sup and inf (ignoring the zero measure set) and all BSDEs appearing satisfies the existence and

uniqueness condition. We will be considering the minimization problem and the dynamics is given by BSDE as

—dYy = f(t,Yy, Zy) dt — Zy dBy
Yr =&

(510)

where both the driver and the terminal condition depend on the control « in the admissible set o7

Theorem 21. (Optimization of a Family of BSDE) Let (f,£), (f*,£%) be a family of driver-terminal condition
pairs for a € o and (Y,Z), (Y, Z%) be the corresponding solution pairs. Suppose that & € &/ such that

f(t,Yy, Z,) = inf f2(t,Y:, Zy) = fO(t,Ys, Z4) a.a.(t,w) (511)
€ =inf ¥ = ¢£% q.s. (512)

then
a.s. Vt €[0,T],Y; = inf Y,* = Y2 (513)

Proof. By the comparison principles, for Va € o, £ < &%, f(t,Y:, Z;) < f*(t,Y:, Z;) so the solutions to the BSDEs
have the relationship that a.s. V¢ € [0,T],Y; < Y,*. As a result, a.s. Vt € [0,T],Y; < inf, Y}~

By the existence of & € &7, consider (f%,£%) to find that (Y, Z), (Y%, Z%) are both solution pairs to the BSDE
with this driver and terminal condition. By uniqueness, a.s. Vt € [0,T],Y; = Yté‘ so Y; = Yté‘ > inf, Y™ O]

Remark. It’s easy to connect such Y,* to the problem value under control a. Then, & stands for the optimal control
and Y& is just the value function. The theorem above is telling us how to characterize the optimal control and the

value function with BSDE, simply taking inf w.r.t. control for driver and terminal condition respectively will work.

To see the correspondence between Y as the solution to BSDE and its structure as a value function, let’s first

set up the stochastic control problem. Assume that the driver f is concave and

F(t,b,¢c) = sup {f(t,y,z) —yb—zc} (b,c) e R xR™ (514)
(y:2)

as the Frenchel conjugate, so F' is convex. The control variables are 5; € R, € R™ taking values in the admissible
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set
T
o = {(577) : E/ ||E(t, Be,ve)||* dt < oo, (B,7) bounded progressive} (515)
0

Since f is concave, we know that
flty,2z) = (ibnf) {F(t,b,c) + yb+ zc} (516)
by the property of Frenchel conjugate. Naturally, we consider the family of linear drivers

FO(ty,2) = F(t, B, ve) + ybe+ 27 (B,7) € o (517)

and assume that the solution to BSDE(f%7,¢) is denoted (Y#7, Z57)

Theorem 22. (Solution to BSDE with Concave Driver as Value Function) Let (Y, Z) denote the solution
to BSDE(f,§), then a.s. Vt € [0,T],Y; = inf(5y)cor Ytﬁ’y is the value function of such stochastic control problem

and

T
Ytﬁﬁ =Egn [/ o B duF(S,ﬁs,’Ys)dS—FejtT Bu duE

ft] (518)
t
where Q7 is the probability measure with MG density process Ly such that

st = Lt’Yt dBt
Lo =1

(519)

Proof. By the definition of F, ¥(3,7) € «,f < f#7 and there exists (I;(t,y,z),é(t,y,z)) such that f(t,y,2) =
F(t,l;, é) + yl; + zé. Since f is Lipschitz, (IA)7 ¢) is bounded. As a result, there exists (B,’y) bounded progressive
(measurable selection theorem, details not important here) such that V¢ € [0, T, f(¢,Y:, Z;) = fP7(t,Ys, Z;). From

the theorem above, we immediately conclude that

a.s. ¥t €[0,T),Y; = inf Y/ (520)
(B

Now (Y#7, Z87) is the solution to the linear BSDE

aYy = —[F(t,Y:, Z;) + Y18y + Zyvi) dt + Zy dBy
Yp=¢

(521)
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so by previous theorems, we know that

FtY'tﬁa’Y =FE

T
FT§+/ FSF(S,YS,ZS)dS‘%] (522)
t

for the adjoint process I'; as the solution to

dI‘t = Ft(ﬁt dt + Yt dBt)

(523)
=1
now set I'y = elo Bu dur, to find that Lo = 1 and
dl'y = €f°t Bu duLtﬂt dt + B‘IJ Bu du dL; (524)
so L; follows the SDE
dLy = Lyvyy dBy (525)
The last step comes from
By Ly T,
Y2 =E | Let [ Z2FR(s, Y, Zs)ds‘ﬁ} (526)
Iy . Iy
1 T d T Bud
= L—E / eli Bu “F(s,Bs,vs)Ls ds + elt Bu “fLT’ﬁt (527)
t t
T s T
=Ego / eliPudup(s B ) ds + el Pudig| 2, (528)
t
O

Remark. Note that the MG density process here refers to the Radon-Nikodym derivative process restricted on a

filtration as a MG. In other words, the probability measure Q7 is given by

aQr

dP |z, " (529)

where the LHS is the Radon-Nikodym derivative of two probability measure restricted on sigma field F.
As a result, the Bayes formula can be written as: for Q << P and Z; as the MG density process of Q w.r.t.
P, for any stopping time o < 7, and { € Z, such that Eg|{| < oo,

EIP(ZTﬂyU)

Eq(€]F,) = 27

Q —a.s. (530)
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which can be proved easily by the definition of RN derivative that

VA € yyv]EQ[EQ(ﬂyo)ZUHA] = EQ(&ZU]IA) (531)
]EQ[EIP’(ZTﬂyU)HA} = EP[ZU : EP(ZTQIA'ya)] = EP(ZUZ‘I'gHA) = EQ(gzaﬂA) (532)
Toke T=0 =T and Z = L to see that the last equation in the proof of the theorem above holds.

Remark. To conclude, when the driver is concave, by taking the Frenchel conjugate F of driver f and varying the
last two components of F' as controls B,~, one may find that Y;B’W is actually the problem value of a stochastic control

problem under a different probability measure Q7 with running cost

T g
/ el Pudvp(s B, ) ds (533)

t

in time interval [t,T] and terminal cost
eli Budug (534)

at time T (note that £ € Fr). The concavity ensures that the double conjugate of f is still f itself and thus f has
the structure as the inf of a family of linear drivers w.r.t. controls, leading to the solution to the BSDE'Y; as the inf

of problem wvalues, i.e. the value function.
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Pontryagin Maximum Principle

The maximization formulation of stochastic control problem is slightly different from what we have done in the
past. Here we consider the maximization problem instead of the minimization problem in finite time horizon. So the

state process X; still has dynamics

dXt = b(t, Xt7 Olt) dt + O'(t, Xt, at) dBt

(535)
X() =T
as a diffusion process with admissible control set </ and the goal is to find optimal control a* to achieve
T
sup E / ft, Xy, o) dt + g(Xr) (536)
acd 0
let’s denote J(a) = E [fo ft, X, o) dt + g(XT)} as the problem value at time 0. All assumptions are the same to
what we have made such that f, g are both nice enough, here we require g to be C' and concave.
We first define the Hamiltonian H as
H(t,z,a,y,2) =b(t,z,0) -y +o(t,2,0) - 2+ f(t,z,q) (537)

where - means the standard inner product and y,z are dual variables (one might have guessed that they are
correspondent to (Y, Z) as the solution to BSDE). To be specific, for y € R% 2z € R¥X™ b(t,z,a) - y is the inner
product between two vectors and o (¢, x, a)- z is the inner product between two matrices defined as (A, B) = tr(AT B).
Assume that D, H exists and consider the adjoint BSDE

dY% = —DIH(t,Xt,Oét, }/t, Zt) dt + Zy dBt
Yr = Dﬁcg(XT)

(538)

Theorem 23. (Pontryagin Maxzimum Principle) Suppose that there exists (Y, Z) as the solution to the adjoint
BSDE such that

vt € [0,T], H(t, Xt,at,Y},Zt) = maXH(t X, a, Yt,Zt) (539)
acdd

where X, is the solution to the SDE for given control & and the adjoint BSDE is solved based on given &, X. Now

H{(t, m,a,fft, Zt) is almost surely concave in (x,«), then & is an optimal control that maximizes J(c).

Proof. Ouly have to prove that Va € o, J(&) — =E [fo Ft, Xy, by) — f(t, Xy, )] dt + g(X7) — g(X7)| > 0.

Tear into two parts to estimate the difference of the running cost and terminal cost respectively.
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By the first-order condition of concavity,
E9(Xr) - 9(Xr)| > E | Dog(Xr) - (X1 = Xr)| =E [V (%7 - X)) (540)
by Ito formula, we can write the things inside the expectation as a sum of integrals
A A T . T A T A
[V (Xr —XT)} —E l/ (X, — X,)dV; +/ Y, d(X, — X)) +/ d<Y,X —X>t] (541)
0 0 0

T T T
=K [/0 (Xt — Xy) dYy +/0 Yid(X; — X) +-/0 [o(t, X¢, b)) — o(t, Xe,on)] - Zp dt (542)

where [o(t, X, Gy) —o(t, Xe, an)] - Zy=1tr ([U(t, X, ayt) — o(t, X, at)]TZt) is the inner product. By assuming that

(which can be verified after solving out everything)
T R T .
/ (X, — X)) 2, dB,, / Vilo(t, X, ) — o(t, Xy, an)] dBy (543)
0 0

are both MGs in 7', they won’t contribute to the expectation and

E [Q(XT) - g(XT)} (544)
T R R T R R T R .
SE / (X, — X,)d¥; +/ Y, d(X, - X)) +/ tr ([0t %1, 0) — ot X)) 2,) di (545)
0 0 0
T N . R . T R .
- ]E[f/ (X, — X,)- D, H(t, Xt,dt,Y;,Zt)dt+/ Vilb(t, Xy, é) — b(t, Xy, )] dt (546)
0 0
T A A
+/ tr ([a(t,Xt,dt) - a(t,Xt,at)]TZt) dt} (547)
0
For the running cost part, apply the definition of Hamiltonian to get
T A
E / [f(t, Xe, &) — f(E, X, )] dt] (548)
0
T R . R . . T . .
_ E[/ (H(t, Xy, éu, Vi, 24) — H(E Xy, a0, Vi, 2)] dt —/ Vilb(t, X, 6n) — b(t, Xo, )] dt (549)
0 0
T A~ A
f/ tr([a(t,Xt,oQt) —a(t,Xt,at)]TZt) dt} (550)
0

81



Stochastic Control notes written by Haosheng Zhou CONTENTS

Now take the sum of all those estimates to see

T
J(d) - J(Oé) Z E / [H(tthvdta}A/fmZt) - H(t,Xt,Oét,ﬁ, Zt) - (Xt - Xt) : DIH(t7XtaOAét7Y/;5a Zt)] dt (551)
0

>0 (552)

by the conditions of the Pontryagin maximum principle. To see this, denote H(t,f(t,dt,Yt, Zt) as H(X,a) for

convenience (only keep the X and « components). Assume that D, H exists, then by joint concavity in (z, @),

N)

>

H(Xvo?)*H(XvO‘) EDIH(
= D, H(

Y- (X = X)+ D H(X,d) - (&—a) (553)

;@) - (X = X) (554)

)

N)

since & is the control such that H(X,«) is maximized, Do H (X, &) = 0. For the general case, one can prove with

subdifferential in the similar way. O

Remark. There is a connection between BSDE approach and PDE approach that in the maximization

problem the HIBE of value function v(t,z) is formed as

O + sup {G(t, z, a, Opv, Oprv) } (555)
acd

where G(t, z, a, Ogv, Ogyv) = L% + f(t, x, ).
When the value function is CY3 with nice enough regularity, and the existence of optimal control & € o is

ensured, with X as the state process generated by the dynamics for given control &, then

G(t, X, 6y, 0, v(t, Xt), v (t, Xt)) = max G(t, X, a, 0, v(t, Xt), Orv(t, Xt)) (556)
agc

so the optimal strategy maximizes the sup in the HIBE when the state process is fized as X. Moreover,
(Ye, Zt) = (9u0(t, Xy1), uav(t, Xy) - 0(t, Xy, ) (557)

is just the solution to the adjoint BSDE (similar to the form in the motivation of BSDE we have introduced above).

Remark. In minimization problems, it’s obvious that then we shall minimize the Hamiltonian instead of
mazximizing it and we will just require H to be convex in (x,«) instead of being concave, g to be convex instead

of being concave.
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Stochastic Control Problem: BSDE Approach

By the Pontryagin maximum principle, we state the main steps of solving the stochastic control problem.

e Get the Hamiltonian and solve for &(t, z,y,z) = max, H(t, z,a,y,z) for Vi, z,y, z, this will give the

control « as a function of ¢, x,y, z that always satisfies the condition in the Pontryagin maximum principle

e Solve the coupled FBSDE (Forward-Backward SDE)

dX; = b(t, Xp, &(t, X, Y, Z4)) dt + o (t, Xy, a(t, Xy, Yy, Zt)) dBy

XU =X

(558)
di/t = _DwH(t7 Xta @(tv Xta Yriﬁ Zt)7 i/ta Zt) dt + Zy dBt
Yr = ng(XT)

to get &,X, Y, Z as a set of solution. Note that we plug in the control variable as a function of ¢, X, Y, Z to
apply Pontryagin maximum principle. The FSDE is the dynamics of the state process X while the BSDE is
the dynamics of the adjoint (Y, Z). This FBSDE is called coupled since two SDEs cannot be solved separately.

e Verify the concavity of H(¢,z, «, Y, Zt) in (z,«) and the admissibility of & as the optimal control. One might
notice that the optimal control &(t,f(t,f/t, Zt) depends on the solution to the FBSDE. As a result, one has
to first solve the FBSDE and then determine from measurability which kind of optimal control the solution

corresponds to (open-loop, close-loop etc.).

One advantage of BSDE approach is that it makes it possible for us to find optimal controls other than Markovian
controls. Note that the PDE approach depends on HJBE, which has its root in the dynamic programming principle
with a natural Markovian structure. As a result, the PDE approach can only be applied for the Markovian
case. On the other hand, as we will see in a later context, the BSDE approach can be applied to find
open-loop, closed-loop or Markovian optimal controls which has much wider applications.

It might be quite obvious that the most difficult step lies in solving the coupled FBSDE. Let’s use some examples
to illustrate the BSDE approach.
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Example: Exponential Utility Maximization with Option Payoff

Now there is a riskless asset with price S° = 1 that does not change with time, i.e. with no interest rate, and a

risky asset in the market whose price S; at time ¢ follows the SDE
dSt = St(bt dt + oy dBt) (559)

where b, o are bounded progressive processes with Je > 0, a.s. V¢ € [0,T],0: > €. A person has wealth X; at time ¢
and the control variable is a; that denotes the amount of wealth invested in risky asset at time ¢ (similar setting to
Merton problem). We know that the total wealth process follows the SDE

dXt — at% = at(bt dt + oy dBt) (560)
XO =T

with the admissible set of controls &/ as the collection of all progressive o such that fOT || ||? dt < o0 a.s. and that
the solution X* for given « and initial value x is lower bounded.

Now a person has to replicate the option payoff ¢ at time T for bounded ¢ € F#r (a European option but
not necessarily a call or a put, the option can have any reasonable payoff function on the day of maturity) in order

to hedge the risk contained in selling such an option. The utility function is now exponential and concave
U(x)=—e " (n>0) (561)

so one’s goal is to find the optimal control to maximize the expected terminal utility under the condition
that one fully hedges the risk of selling the option. In other words, this person will have X7>* wealth on the
day of maturity following control o € &7 but since he is selling out this option, he will have to pay the option payoff

&, so one wants to maximize

v(z) = sup EU(X7% — &) (562)
acdl

A certain approach to deal with this problem lies in constructing a family of process {Jta}te[o 7], €
7 such that

o Voo, JE =UX3"=¢)
e J§ is constant and is independent of o € &
e Ya € &/, J% is a super-MG and J& € &/ such that J¢ is a MG

The point of doing so is that now

Vo € o | BU(XEY — €) = BJ$ <EJ§ = EJ§ = EJ§ = BU(XEY - €) (563)
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so & € 7 is just the optimal control and v(z) = EJ§ is the maximum expected utility.

Let’s consider the family
JE = UXP" Vi) (564)
here with (Y, Z) as the solution to the BSDE

dY, = —f(t, Z:) dt + Z, dB,
Yr=¢

(565)

for the driver f to be specified later. Now the first two conditions of J{* are naturally satisfied with the value function
v(z) = U(x — Yp) (note that now the filtration is taken as the Brownian filtration and the solution to the BSDE
should be adapted, which means that Yy € .%; so Yj is almost surely constant). To satisfy the third condition, we

have to do some transformations to J{* to use its structure. Apply Ito formula to find

log(—J") = —n(X; - Y3) (566)
t t
— @ —Yo)—n [ dX,+n / av, (567)
0 0
t t
= (e —Yo) + / (—nusbs — nf(s, Ze)) ds + / (nZ. — naso.) dB, (568)
0 0
JY = _Q*W(JU*YO)efJ(*nasbs*ﬁf(S’Zs)) dsefot(nzsfnasos) dB, (569)

now let’s notice that the stochastic integral on the exponential can be written in the form as an exponential local
MG that

Jt(’ — _e_n(m_yo)efot (nZs _7]0‘5‘75) dBS_% fot(nZs_nasa's)2 dsefot(_”’]asbs_nf(‘gvzs)""%(nzs_7](15‘75)2) ds (570)

now the product of first two terms (excluding the negative sign) on RHS form an non-negative exponential local MG

M (so it must be a super-MG) and we just have to look at the last term

Cto‘ — 76‘]‘0"‘(*nasbsf"]f(saZS)+%(nZS777&50'5)2)ds (571)
— e o 3(Zs—asoe)®—asbi—f(s,Z,) ds (572)
— _67] fot p(s,ozs,ZS)ds (573)

where p(t,a,z) = 3(z — aoy)* — aby — f(t,z). In order to make J* a super-MG for Vo € &/ and to make it

a MG for some & € o/, we have to make some restrictions on p order to specify the driver f in the

BSDE. One direct observation is that now Ji* is already a product of Cf* and a super-MG, so we want to see C*
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being decreasing in ¢ for Va € & such that
Vo € & ,V0 < s < t,E(JFs) = E(MPCY|Fs) < CF-E(M{|Fs) < CoMg = J3 (574)
in order to ensure this, we only need to add the condition that
Vo€ oVt € [0,T), p(t, 0o, Zs) > 0 (575)

On the other hand, we want to make sure that 3& € «/ such that J* = M2C§ is a MG. To let this be true,
notice that we only need to ensure that 3& € &7, C¢ = —1, i.e. C{ is constantly —1 for some &. Now it’s still
unclear why such condition helps us ensure that J& is a MG but we will see later (since it depends on the form of
&). Let’s add the condition that

36 € o\t € [0,T), p(t, 64, Z) =0 (576)

Now the problem turns into finding an appropriate driver f such that p(t, o, Z;) = 2(Z; —a0¢)? — by —
f(t, Z;) is always non-negative and can reach 0 for some & € o/. Naturally, consider taking oy = a% Zy + %g—i)

to minimize

(Zy — awoy)? — auby (577)

(VYRS

and find that as a result we should take the driver of BSDE as

2
f(t, Zy) = —ZtE _Llh (578)

o 2no?

The last step is to verify that J& is a MG for

1 10
@:<&+t>ed (579)
Ot no
plug in to find
,]td = —Mf‘ — e M@=Y0) [y (1Zs—nb:0s) dBs—3 [§(nZ:—1bs0s)? ds (580)
ignoring the constant, it is the exponential local MG of — Ot % dBs where {g—} 011 € H?! since b, o are bounded
s s J s€lo,

process and o is bounded away from 0. As a result, this exponential local MG is actually a true MG and we are

done with all the conditions of J*. The optimal control is just given by

1 1b
m:<&+t>eﬂ (581)
o not
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and the value function is

v(z) = —e ") (582)
where (Y, Z) is the solution to the BSDE
2
av, = (2t + 5 %) di+ 2, dB,

(583)
Yr=¢

Remark. Let’s now talk about the intuition of this method. It’s easily seen that this problem has something to do
with replicating a financial derivative in a complete financial market. In a complete financial market, any
contingent claim that pays bounded random payoff & € Fr on the maturity date T can be perfectly replicated by a
self-financing wealth process.

On the other hand, this problem can also be understood in the risk-neutral world where risk-neutral measure QQ

1s introduced such that

dS, = Sio; dB (584)
s0
“b
B2=Bl+ | Zds (585)
0 Os
do —Jf e dB, -1 (;TLEQ.dS . . . .
where 95 = e s 75, now x¢ = Eqgf is just the no-arbitrage price of such option and Im € &, & =

X;g’ﬂ as the continuous-time Delta-hedging strategy. The problem is equivalent to maximizing

v(z) = sup EpU (X5 “0°7T) (586)
acd

with 0 payoff received at time T (already hedged by 7). They are actually two sides of the same coin. By calculations

above, we know m; = % and the optimal control for this new problem to be & = %%
t

Remark. One might be confused with the meaning of the Y, Z J* we mentioned above in the original problem. Here
Y: stands for the value of the European option evaluated at time t. That’s why Yr = £ is Fr measurable and is
random (since it should be a function of St, the stock price on the maturity date) and Yy standing for the current
price of this option is a constant. BSDE has a natural correspondence with the evolution of option value
since option values are the easiest to evaluate on the maturity date but are difficult to figure out previous to maturity.

J{ is just the utility at time t following control o in the position of selling out the option in this example, its
meaning is actually the same as the "problem value” in the stochastic control problem and is closely connected with
the value function. Here we adopt neither the dynamic programming approach nor the Pontryagin mazimum principle

but use another method to form the problem value J{* as a super-MG for all control and a MG for the
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optimal control. Note that the martingality is always the hardest part to construct and shall always be verified base
on the specific form of the optimal control (which means that one always has to ”guess” some possible conditions
such that the martingality holds, solve out the optimal control and go back to verify).

One might be curious about the meaning of Z;. Now let’s assume that Yy = v(t, X;) since Y stands for the value

of the option at time t, a natural structure of value function. By Ito formula,
dY; = 0pv(t, Xy) dt + 0, v(t, Xy) dX; + Opv(t, Xy) d (X, X), (587)

assume that dX; = b(t,X;)dt + o(t,X;)dB; and compare the dB; term on both sides with the BSDE to get
ZydBy = Oyv(t, Xy)o(t, Xy) dBy so Zy = 0,v(t, Xy)o(t, Xy), which can be heuristically understood as the Delta-
Hedging strategy since 0,v is the sensitivity of option value w.r.t. stock price, the definition of option Delta.

So far, we have built the understanding in BSDE that it describes the evolution of option value and Delta hedging
strategy, it then makes sense that these two concepts shall be solved simultaneously (binomial option pricing).

When the market is incomplete, such method constructing J still holds, but one may get a more complicated

driver f (not linear in Z; any longer).
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Example: Mean-Variance Criterion for Portfolio Selection

There’s a riskless asset with price S¥ at time ¢ with continuous-time interest rate  and a stock with price S; at

time ¢ following the Black-Scholes model

where b > r,o > 0 are given constants. A person chooses to invest «; amount of wealth in the stock at time ¢ (the

control), and he has total wealth X; at time ¢, so we would be able to write down the dynamics of X
dXt = [’I"Xt + at(b - ’l")] dt + ooy dBt (589)

with initial wealth Xo = x and the set of admissible controls is given by &/ containing all progressive processes
a taking value in R such that E fOT afdt < oco. So far, the setting is the same as that for the Merton problem.
However, our objective is not to maximize the utility at time 7" but to minimize the variance of the terminal
total wealth under the condition that the expectation of the terminal total wealth equals a given
constant m (mean-variance criterion).

In other words, we want to find the optimal control that achieves the following inf for given m
V(m) = in; {Var(Xr) : EXr =m} (590)
ae

however, the stochastic control problem is now constrained to the condition EX7 = m so it’s not easy to deal with.

In order to remove such constraint, we consider the conjugate

V) = inf {E(Xr —2)} (591)

The reason we are using conjugate of this special form is to transform the constrained control problem
into an equivalent unconstrained problem. To see the conjugate relationship, Ve > 0,3af € & that generates
the diffusion X* such that EX2®" = m, Var(X2* ) < V(m)+e. So E(XE* —A)2 = Var(X5* ) +E2(X5 —\)

Vm,Ve > 0, V(A) < E(X2 —A)2 < V(m) +e+ (m — \)? (592)
similarly, Ve > 0,3a* € & that generates the diffusion Xtm’o‘A such that IE(X;E’O‘A ~ X2 <V(A) +e. So we have

V) > E(XEY - M\)? — e = Var(X52) + E2 (X2 —)) —¢ (593)
= V(EXZY) + (EXEY — N2 —¢ (594)

as a result, we conclude that

V() = inf {V(m)+ (m - X} (595)
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On the other hand, we also have

Vim) = sup {V(3) = (m — 2)*} (596)
AER
since V(\) = —2sup,,cg {mA - M} + A% can be written as the form of Frenchel conjugate and W is
strictly convex with Frenchel conjugate
v 22 -V(x
sup {m)\ _Vim) +m } = () (597)
meR 2 2
so its double conjugate is itself and
v 2 A2 — V(A
Ve +m? {m _ U} (598)
2 meR 2

which proves the equality above. So far, we have seen the conjugate relationship between V and V. This
is important because this enables us to shift our gears from finding the optimal control achieving the inf in V' (m)
to finding the optimal control achieving the inf in V(A) To see the connections between those two problems, if
A = A\, achieves sup in V(m) = sup,cp {f/()\) —(m— )\)2} then we immediately know that m achieves the inf

in V() = infher {V(n)+ (n—Xpn)?} and m is also the unique real number that can achieve this sup by strict
wm

convexity. From the calculations we have done above, the inf in V' (\,,) is achieved when m = EX7* . As a result,

V(m) = Var(EX5*™) (599)

so the optimal control to the original problem is a*~, the optimal control in the new problem setting
with A = A, plugged in where )\, is the )\ that achieves the sup in V(m) = sup,cp {V()\) —(m— )\)2}
such that the conjugacy holds.

Now that we have transformed the problem into an easier one, our objective becomes finding optimal control

that achieves the inf in
V() = inf {E(X7 —))*} (600)
for given A € R. Recall the Pontryagin maximum principle that
H(t,xz,a,y,2) = [re+a(b—r)ly + caz (601)
so D H(t,7,a,y,2) =ry,9(x) = (r — X\)?, Dpg(x) = 2(x — \) and the adjoint BSDE is

dY, = —rY, dt + Z, dB;
Yr =2(Xr — )

(602)
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let ()A’, Z) be the solution pair to this BSDE, & € & be the optimal control and X the diffusion generated by &,

notice that
H(t,z,a,Yy, Z;) = [rz + a(b — r)]Y; + 0aZy (603)

is linear in (z,a) so it satisfies the concavity condition. Now we want to maximize the Hamiltonian H (¢, x, a,y, z)

w.r.t. a to notice that this is possible if and only if
a.s. Yt € [0,T),(b—r)Y,+0Z, =0 (604)

by the linearity in a. The next step is to find the solution to the adjoint BSDE with the condition above also satisfied.
Here consider the ansatz (most often, one would like to consider the ansatz that Y, is affine in X, with the only

randomness coming from X;)
Yi = o) Xe + 0(t) (605)
to get the ODEs for ,v € C! that
' ()Xo + ()Xo + (b — )] + ¢/ (8) + () Xy + ()] = 0

o(tYoby — Zy =0 (606)
(T) =2,¢(T) = —2A

the second ODE and the maximization of Hamiltonian give the optimal control

- Zy =Y -0V (r=b)pt) X, + v(t)]
s B 1) B P 20 (0) (607)

while the first ODE also gives the optimal control that

G — POX A+ +rle®Xe+ o) | o [P() + 2rp()] X+ () + ()

o (r=b)e(t) r=b DO (608)

since those two optimal controls shall be the same for the original problem, by comparing the coefficients of X, and

the constant terms (since ¢, 1) are deterministic), we get the simplified ODE systems for ¢, ¢ that

o (1) = (U2 - 2r) (1)
W) = (S5 —r) v (609)
@(T) = 2,(T) = —2\
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and they are very easy to solve

=52 o\ (4
o(t) :26< = 2 >(t o
(610)

() = (e

Now we are done with the new stochastic control problem that achieves the inf in V(). The optimal Marko-

vian control of the new problem is given by

— b)[p(t) X; 4 ¥a(t))]
a2p(t)

waeRar = (611)

note that the dependence of \ only appears in 1/ so we denote 9(t) as ¥ (t). To get the value function V(\),
apply Ito formula for $¢(t) X7 + ¥ (t) X, to see

T
X7 —22Xr = %w(o):ﬁ +a(0)z + / %cp/(t)Xf + YL (8) X, dt (612)
0
T T
+ [Cewxirnmaxi+ 3 [ ewaxx), (613)

take an expectation on both sides and plug in the optimal control &;' to find that

~ b—r)2
_e=p?yp

VA =e A —eTr)? (614)

The final step is to go back to the original problem. The value function V(m) can be derived easily from the
conjugate relationship. To get the optimal control &} for the original problem, recall that we only have to find A,
that achieves the sup in V(m) = sup,cp {f/()\) —(m— )\)2}, some calculations tell us that

o

e o=r)?
Am:m_e[ 2 }Tx (615)

_(bfr)2
l—e o= T

and the optimal Markovian control for the original problem is given by

Vm € R, 6] = (r — b)) Xt + 1, (1)] (616)

a2p(t)

which ends the discussion.

Remark. This example exhibits the way to apply Pontryagin mazimum principle. Note that in this example we get
no information on & by maximizing the Hamiltonian (generally we would be able to represent & = a(t,x,y,z) as a
function and plug back to get FBSDE, which is more complicated). The transformation to a new unconstrained

stochastic control problem with conjugate value fucntion is critical and greatly simplifies the calculations.
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Stochastic Differential Game: Mean Field Games and Systemic Risk

As an extension to multi-agent games (finite), we want to find the Nash Equilibrium (NE), which is a set
of control that any one agent has no motivation to deviate from his own control given all other agents’ controls.
Let’s consider a multi-agent control problem in the simple setting as an example. For simplicity, we will consider
the linear-quadratic (LQ) game with finitely many homogeneous players, for which there exists explicit solution
of Nash Equilibrium.

It turns out that the PDE and BSDE approach can be easily extended to solve the stochastic differential games.

Problem Setting

Now there are N banks (N large enough) in the economy as agents and X; denotes the log-monetary reserves

of the i-th bank at time t (state process) with the dynamics given as
dX} = [a(X; — X))+ al]dt + o(\/1 - p2dB; + pdBY) (617)

where i = 1,2, .., N denotes each bank and B; = (BY, ..., B{¥) is an (N + 1)-dimensional BM. The reason we have the
diffusion term /1 — p2 dB! + pdB? is that B = \/1 — p2B! + pB? gives N correlated BM. To see this, just compute

the quadratic variation

o , . toi=j
(B, B7) = (V1= B+ pB°, /1= B/ + pB") = J (618)
t t

PPt oiFE ]

to see that each B is BM but they are not necessarily independent. This is the simple way we take to organize
correlated BM using common noise BY.

Here «! is the control process for the i-th bank to determine. It can be explained as the borrowing/lending rate
to a central bank. a > 0 is a given mean-reversion rate similar to that in the OU process and X, = % Zfil X
always denotes the empirical mean.

Now each bank has its own problem value to minimize, the problem value of the i-th bank is

T

fi( Xy, af) dt + g(X7) (619)
0

J(a)=E

note that since we are in the multi-agent setting, the problem value depends on a = (a!,...,a™) not only its own
control but also the control of other banks (since they jointly affect the evolution of state process X;). The running
cost depends on f; which is a function of the state process X; = (X}, .., X}¥) and its own control «f. The terminal

cost only depends on the terminal state of the i-th bank. Now f;, g; has simple forms given by

filw, o) = %(ai_)z —qa(T — a') + §5(z — 2)? (620)
gi(z) = 5(T — xt)?
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quadratic functions, ¢ > 0 controls the incentive of borrowing and lending from central bank and ¢ > 0 is a parameter
penalizing the deviation from the average state. Now we assume that ¢> < ¢ so f; is convex in (z,a'). The convexity
will make sense in a later context.

For the convenience of notations, let’s rewrite the whole dynamics of X; in the vector form that

dB?
Xi 4B}
d| - | =blt, Xp,o0)dt +o(t, X;) | ° (621)
XN
i dBN

where

b(t, X, O(t) = cee S RN (622)

P 1—p? 0
0 1—p2 ... 0
ot X)=0|" P e RVX(N+D) (623)
p 0 0 1—p2
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Markovian Case: PDE Approach

The first step of PDE approach is to build up the value function. Since now there are N banks, each bank has

its own value function
Vi(t,z) = in;IEt,m [/ fi(Xp,ab)dt 4+ gi(X5) | (t € R,z € RY) (624)
aE t

where E; ;, means that the expectation is under the initial value condition that X; = z and </ is the admissible set
with integrability conditions for all Markovian controls (here it means that 7, = o(¢, X;) so when making
the decision each bank has complete information on all banks’ states). Note that since the problem value
for the i-th banks depends on the state of all banks (f; is a function of X}, ..., X}¥), here we must include all the

states of the system in the value function. The HJBE for finite time horizon tells us that

OV + infhicy {L*V + f;} =0

A (625)
VYT, z) = gi(x)
with the action of the infinitesimal generator
LV = Z[a(f—m]) + a?]0,: V! (626)
j=1
T
p 1—p2 0 0 p 1—p2? 0 0
2 1— p2 1 — p2
+ %0l ” 0 P 0 P 0 P 0 H
2
p 0 0 1 — p? p 0 0 1—p2?
(627)
N o2 _
= [a(@ - 27) + a?]0,, V' + ? > 1P+ 661 = p*)]0ys 1 V' (628)
j=1 jk=1

now for player i, he can only determine which o' to take and all other players’ controls are actually functions of ¢,z
denoted

o = ¢ (t,x) ( #1) (629)
at this point we can write down the HJBE as

OV +inf iy {ZN [a(T —27) + ad)0, Vi + % Z] w1 [P? +056(1 = p*)]0ps 1 V' + fz} =0
VT, z) = gi(z)

(630)
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First get rid of the inf by considering the optimization problem

N 5 N
min Q(0) = Y fa(F ~ o) + a1 Vi 4 T 3 (2 4 (L — 920V S, (631)
> j=1 jk=1

notice that actually only the terms relevant to o matters

oQ ;| Ofi
- = 0, V" . 632
Oat r + oot ( )
=0, Vi+a —q@—2)=0 (633)
the optimal Markovian control is given by
&y = q(Xy — X{) — 0, V'(t, Xy) (634)

where 0,: V" is unknown and needs to be solved. Since this is the optimal control for the i-th bank and in this game
symmetricity holds, every bank shall have this optimal Markovian control to form Markovian NE.
Now plug back into the HIBE to see that it becomes

N 9 N
. . . . o .
OV + Y I+ )@~ a)) = 2 VIOV 4 G Y [P+ 81 0wV (635)
j=1 7,k=1
1 . 1 )
+ 5(5 —¢*)(T—a')’ + 5(8961-1/’)2 =0 (636)
use the ansatz that
Vi(t,z) = %(z — ') 4 g (637)

for deterministic functions 7y, p; to get the terminal conditions nr = ¢, ur = 0 and

0y Vi =m(@ — 2) (§ — dij)

R . (638)
awj,xkvl =M (W - 6iak) (ﬁ - 6iaj)

the HIBE now becomes

%é(f— a')? + iy + ﬁ: [a+q — (; - 1)} (T — 2')(@ — 27) (;, - 5i,j) (639)

+ U; év_:l[pQ +3850(1 = p*)] (;, - 5¢,k> (zlv - 5m‘> (640)
b a4 f [u e (5 1)) =0 (641)
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where the only randomness comes from the term (T — z°)?, so its coefficient has to be zero, and the constant

terms shall also add up to zero. We get two ODEs where 7, u} are the derivatives w.r.t. time ¢. Note that here

Z;\/:l(f —a7) (& — 6;) = —(T — 2'), a simple transformation
B fasgom (L) s 2oy e 2 (L1 o (642)
9 q—" N Ur 5 €—4q B Ui N =
s N
o 1 1
et = 2 1[/)2 + 855 (L = )l <N - 5i,k> <N - 5i,j> =0 (643)
o

Some simplifications tell us that

n = (1— =)0 +2a+qmn — (e —q¢?)
o2(1—p2
S (1), (049

nr =c¢,ur =0

pi =

to get a Ricatti equation (first-order ODE with the derivative n; equal to a quadratic in ;) with constant coefficients

for n; and another equation for p; which is easily solve as

e (S [ nas (645)

if n; is known. Now the problem only lies on solving out 7;, note that luckily this Ricatti equation is separable in

variables so we only have to use the integral that

B
/m A/ B2 4AC dy (y =z+ 2A> (646)

3 / = dy (647)
/;

:% 15@_/%1?@) (648)
:% <10g( _gf) ~log <y+t§>> (649)
:% log(ﬂc—i—i—ﬁ)—log( +£4+\2/§>> (650)

assuming that A > 0, A = B2 —4AC > 0 (¢? < ¢ ensures that B2 — 4AC > 0 for our problem). So plug in all the
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coefficients and the terminal condition to get

(- qz)(e(ﬁ,&*)(T—t) -1) - C(5+6(5+75*)(T7t) —57) 651
TG T %) — o1 — ) (e 3 T0 1)

where the 6%, R are given by

R=(a+q)?+(1—-5z)e—¢*)>0 (652)
0F =—(a+q) VR

note that A = 4R, 5+ = % and we keep the same notation as that in the paper.

For the last verification step which is omitted in the paper, notice that we have to make sure that the solution
to HJBE is the value function and the admissibility of the optimal control. Recall that Vi(t,z) = %(T — 2)? + 1
so the V* solved meets the quadratic growth condition in z, V¥ € C12. As a result, by checking the admissibility of
optimal control, the verification theorem for finite-time horizon tells us that V? is just the value function of the i-th
bank. Now

di =q(X; - th) - azivi(taXt) (653)
— (% - XD - (5~ 1) m¥e - X (654)

is measurable w.r.t. o(X}, ..., X}V) so it’s Markovian and the Nash equilibrium is solved out, the i-th bank will take

the optimal Markovian strategy & knowing the state of all other banks.
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Markovian Case: BSDE Approach

Let’s present another way to solve for the optimal Markovian control under Nash equilibrium, which is by the
BSDE approach using the Pontryagin maximum principle. The first fact to notice is that in the state dynamics, the
control only appears in the drift coefficient but not the diffusion coefficient and the diffusion coefficient also does not

contain the state, so we can use the reduced Hamiltonian of the i-th bank

N
Hit,z, o,y .y N) = Z[a(f — ")+ aFlytt £ fi(z, o) (655)
k=1
this is because we only care about minimizing the Hamiltonian w.r.t. the control and the adjoint BSDE only has
something to do with 0, H. We have to claim here that since there are N banks in this game, the Hamiltonian has
something to do with all the states of those banks and for each bank there exists dual variables y*!, ..., 4> denoting
the value of the process (Y;"', 7Y;fN) for the i-th bank (recall that the drift coefficient in the SDE for the state
process is an N-dimensional vector, that’s why for each bank there are N dual variables y** and the adjoint BSDE
is a BSDE in N dimension).

However, since we are in the Markovian setting with complete information, we know that each bank can access
the states of all banks X/, ..., X}V at time ¢. As a result, when considering reaching Nash equilibrium, the i-th bank
has to fix the control of all other banks, but the control of all other banks shall be viewed as functions of
t,x since we know that all of them are actually choosing feedback strategies based on time and the
current state they are facing. In other words, we are still acting as if we are in the perspective of the i-th bank
and denote our strategy as o and denote other banks’ strategy as af = af(t,z) for k # i.

As a result, we shall write the Hamiltonian in the form that

Hi(ta T, &, yi717 ey yi’N) = Z[a(f - xk) + ak(ta ‘r)]yi)k + [Q(T - xi) + ai]yi)i + fl(xa ai) (656)
k#i

and minimize H® w.r.t. variable o} to get
ap =q@ —z') -y (657)

since there’s symmetricity across all the banks, the i-th bank has enough reason to believe that all other banks shall

take the same optimal control
aF(t, ) = q(T — *) =y (t,x) (k #4) (658)

the Hamiltonian’s derivative w.r.t. variable z7 is

, 1 Y , 1 (1 : 1
O0pH' =a (N - 6i,j) Y+ Zyl’k [a <N — j7k> + 3wjak(t,m)} —qa’ <N - 57;7‘7') +e(T—a") (N - 51-7]-)

ki
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Now consider the ansatz that Y,/ = 1 (% — i) (X¢ — X]) (the ansatz is often taken as an affine function

for some transformations of X), plug in the formula for optimal control &* to find that

a*(t,z) = [g+n (1 - §))@

- <1 1 (660)
Bps 6F(t,x) = [q+me (1= §)] (% — i)

so the coefficient of dt in the adjoint BSDE is just —d,,; H'(t, Xy, &y, Yti’l, - YZN) Let’s plug in the optimal control

for all agents and plug in the ansatz to get

i N i 1 - i 1 /1
00 HY (1. X100 Vi) = = (=0 ) (K- XD |- (1) e+ g — =) o00)
with
(1
00:(0) =z — ") (5 = 6 ) (662

so the adjoint BSDE is given by

a7 = (R = 0i5) (K= X{) [ (% = 1) 0 + (o + @) — (e = ¢)] dt+ 332, 207" dBY (663)
le;’j = C(YT — X%) (% — 57;73')

where ZZ’j % is the dual process for the i-th bank correspondent to dual process Yt” . Note that since we are having
N +1BM BY, ..., BN, k can take values 0,1, ..., N.

Now that we get the adjoint BSDE set up, it’s still necessary that we plug in the optimal control and the ansatz
in the state dynamics to get a coupled FSDE

dX] = [(a+q)(X; — X]) =Y, dt + o[\/1 = p* dB} + pdBy] (664)
— (X, - X}) {a +q— (N - 1) nt} dt + o[\/1— p2dBi + pdBY) (665)

to conclude, the coupled FBSDE for this control problem is (already with ansatz plugged in)

dX; = (X¢ - X)) [a+q— (% — 1) ne] dt + o[\/1— p*dBj + pdB}|
AV = (§ = 005) X = X [~ (& — D)0 + (a+ @) — (e~ )] di + 5L 27" dBY (666)
Y,Iiw’j = C(YT — X%) (% — 6i,j)

note that for the i-th bank, we have N + 1 unknown processes X/, Yl 1, e Yti’N and N + 1 SDEs.

One canonical strategy to solve this FBSDE after plugging in the ansatz is to take derivative for the ansatz,
to plug in the FBSDE and to compare the coefficients with the BSDE. Let’s first take derivative w.r.t. ¢
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for the ansatz
1,7 1 ~ i 1 ~ AW/
av; 7 = (5 =0 ) d(Xe = XD+ (= 0u ) (K0 = X e (667)

it’s natural that we want to replace d(X; — X}) with the known state dynamics. In order to do this, let’s first take

the sum of dX] w.r.t. i to get

_ 1 &
dX;=o0 [\/l—pQNZdBf+de? (668)
k=1
compute the difference dX; — dX} to see
_ . _ , 1 ,
d(X, - X)) =—(X: — X)) {a%—q—(N—l) ] dt+ov1—0p [ z:dB’C dB; (669)

therefore, we know that

de’j:(Ji{—ai,j)(Xt—Xg’)[ng—(1—]1[>n2 (a+q)n }dt—i—a 1—p277t<—5”>§:( — )dBf

k=1
(670)
by comparing the coefficients with the BSDE, we immediately know that
7430 =0
Z90 = a\/1—p*ne (% — i) (% — i) (k=1,2,...,N) (671)

m=1-5z)n+2a+qm—(—q°

Nr=¢

one might verify that the process Z»F is adapted and Z»7* € H? since it’s actually deterministic, and 7, satisfies
the same ODE with the same initial value condition as that in the HJB approach, so the result is actually the same.

For the verification step left over, note that by Pontryagin maximum principle we just have to check that g; is
convex in x and that the Hamiltonian H® with Y, Z as the solution to the BSDE plugged in, is convex in (z, ). The
convexity of g is very easy to see from its Hessian matrix. On the other hand, fixing Y, Z in H?, one will find that the
Hamiltonian is convex in (z, @) since the first part Z,ivzl [a(T —2%) 4+ a¥]yF is linear in (x, a) and we have mentioned
that fi(z,a') is convex when ¢? < e. So the sufficiency holds and now we see the reason we are requiring that

¢ <e.
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Open-loop Case: BSDE Approach

Now let’s derive the open-loop optimal control for the same problem using BSDE approach. Note that for the
open-loop case, the PDE approach deriving HJBE fails and Pontryagin maximum principle will be the most powerful
tool. The definition of open-loop control is that we are requiring that a; = a4(t, Xo, Bo+). In other words,
the control taken at time ¢ may depend on time, initial state and the value of all random noises from time 0 to ¢.
The difference from Markovian case lies in the fact that each agent now cannot observe all the agents’ state
evolution so feedback strategy is not allowed.

Of course, the reduced Hamiltonian for the i-th bank is still

N
Hi(t,x, o,y . y"N) = Z[a(f — ")+ aFlytR £ fi(z, o) (672)
k=1
and here we just take o!,...,a’V as independent variables since open loop NE provides no feedback effect.

Minimize H* w.r.t. o to get open loop NE
af =q( —a') —y™* (673)

and naturally it holds for all agents.

k

Note that now &% is not a function in (¢,7) any longer, so the computation of 0, H* gets simpler (this is

actually the difference between open-loop and Markovian cases)
X /1 , (1 (1
Oy H' = Za (N - M) Yk — qal <N - 5¢7j> +e(T —2a") (N - (5i,j> (674)
k=1

let’s plug in the optimal controls to get
O H = 23—y ) 4 (= b0y ) (= )@ —a) +q (- — iy ) (675)
- N N 7 N 7

Now take the same ansatz as that in the Markovian case that Yf’j = ¢y (% — 51-7]') (X — X}) to find that

» o ; 1 . 1
O XY V) = = (£ 20) XD [as 40 (1- L) o= 679

so the adjoint BSDE is given by

A9 = (% = 0i5) (KXo = X)) [ad + q (1 = %) 6 — (e = ¢*)] dt + X231 207" dBf

LT i (677)
Vil = o(Xr = Xp) (% = 615)

Now we get coupled FBSDE (the derivation of FSDE is exactly the same as that in the Markovian case, so
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we neglect all details here)

dXj=(X;— X)) [a+q— (% —1) ¢¢] dt + o[\/1 — p>dB} + pdBy{]
AV = (5 = 0i5) (X = X{) [ade + g (1= ) 6 = (e = ¢*)] dt + 51 207" dBY (678)
Yl = o(Xr - X3) (% — 6i5)

which is a little bit different from that for the Markovian case. However, the trick applied to solve it is exactly the

same, by comparing the coefficients of the derivative of the ansatz with the BSDE, we get (refer to the Markovian

case for detailed calculations, exactly the same)

730 =

VAR *O’\/fﬁbt (%7 ,J) (%7(2&) (k: 1,2,...,N)
$r=01-%) et +2[a+q(1-55)] ¢ —(c—¢?)

or =c

(679)

one might verify that the process Z*J** is adapted and Z%J* € H? since it’s actually deterministic, and ¢, satisfies
the ODE with initial value condition. We won’t solve explicitly this Ricatti equation once more here, but it’s an easy
task since the ODE is separable in variables and we have already derived a general formula above for the integration
(in the PDE approach part).

The verification part is still all about convexity and are verified in the Markovian case, so sufficiency holds

and we are done. One extra thing to notice is that
i = |+ (1 ) o] (- xD (680)
the optimal control looks like a Markovian control. However, since we have the dynamics for X; — X} which is

(681)

d(Xth)(XtXZ)|:a+Q(§]1) ]dtJra 1—p [ ZdBk dB:

we can solve out X; — X} and represent it as a function of Xy and Byoy (to see the explicit expression, since the
diffusion coefficient is constant, we can first ignore the diffusion term and then change the constant into a process to
solve this SDE).
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